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ABSTRACT
Recombinant DNA techniques were used to enhance the 
expression of a gene encoding "aryletherase" activity. This gene, 
apparently lacking regulatory elements, was present on a 792bp BamHI 
DNA fragment of Erwinia sp. genomic DNA, that was cloned into 
Escherichia coli using the plasmid vector pBR322. To obtain a larger 
fragment of Erwinia genomic DNA carrying the "aryletherase" gene and 
its regulatory regions, an Erwinia sp. genomic DNA library was 
constructed in the lambda phage EMBL3. Screening the library with 
nick translated 792bp BamHI fragment identified several recombinant 
phage which demonstrated homology with, the probe. Restriction 
digestion of DNA from one of these phage tentatively localized the 
792bp BamHI fragment within a 3.1kb Smal fragment. Restriction 
endonucleas mapping of the 3.1kb Smal fragment, subcloned into pUC19, 
confirmed the presence of the 792bp fragment with flanking regions of 
Erwinia genomic DNA. Eh coli transformants harboring the recombinant 
plasmids pJC39 or pJC2 stably expressed etherase activity which was 
assayed by the release of p-nitrophenol from 
p-nitrophenyl-B-D-glucoside (PNPG). Transformants also degraded the 
lignin model compound vanillin by a mechanism thought to involve 
demethoxylation via ether cleavage. Tn5 mutagenesiis localized the 
putative etherase gene within a 2100bp BamHI-Smal region of the 3.1kb 
insert of pJC39.
v
INTRODUCTION
Next to cellulose, lignin is the second most abundant organic 
polymer on earth, comprising about one-fourth of the woody tissues in 
plants. Much attention has been focused on lignin as a readily 
available renewable resource for the production of a valuable fuels 
and chemicals that are presently derived from petroleum. Due to its 
complex polyaromatic structure, lignin is recalcitrant to microbial 
degradation. Therefore, lignin represents perhaps the most serious 
impediment to the development of successful bioconversion processes 
for waste lignocellulosics.
Lignin is discharged in large amounts as kraft lignin and 
lignin sulphonates by paper and pulp industries. Their disposal is 
expensive and hence they pose a serious pollution problem. Despite 
the presence of a lignin barrier, there is great potential for the 
use of microorganisms to biologically transform native and industrial 
lignins into valuable chemical feedstocks.
Studies on the microbiological degradation of lignin have 
been mainly conducted with two ligninolytic organisms, namely 
Phanerochaete chrysosporium, a white rot fungus, and the actinomycete 
Streptomyces viridosporus. Through the study of these two organisms, 
much insight has been gained into the physiology and-biochemistry of 
lignin biodegradation.
Recently in this laboratory, a bacterium tentatively 
identified as an Erwinia sp., was isolated and shown to be capable of
1
2releasing low molecular weight intermediates from kraft lignin. The 
Erwinia was also shown to oxidatively metabolize lignin model
compounds presumably via ether bond cleavage. A gene which encoded 
the ether cleaving protein was introduced into Escherichia coli via 
cloning into the plasmid pBR322, .E. coli harboring the recombinant
plasmid pNCl were capable of degrading a number of lignin model
compounds via ether bond cleavage. The expression of enzyme
activity, however, was quite erratic, presumably due to the lack of 
regulatory elements within the cloned fragment of Erwinia DNA.
Present studies have utilized recombinant DNA techniques to 
enhance the expression of the cloned etherase gene. An Erwinia sp. 
genomic DNA library was constructed in the lambda phage EMBL3.
Screening the library with the 792bp BamHI fragment as probe enabled 
the isolation of a ^arger fragment of Erwinia DNA harboring the 792bp 
fragment. Subcloning the larger 3.1kb Smal fragment into the plasmid 
vector pUC19 resulted in stable expression of an ether cleaving 
activity. Restriction endonuclease mapping and Tn5 mutagenesis 
localized the putative etherase gene within a 2100bp BamHI-Smal 
fragment of the 3.1kb insert.
LITERATURE REVIEW
I. Lignin Distribution, Function, Structure and Biosynthesis
Lignin is a complex cross linked aromatic biopolymer which 
comprises some 20 to 30% dry weight of vascular plants. This makes 
lignin by far the most abundant renewable source of the benzene 
nucleus on this p l a n e t . I n  the biosphere, lignin is a major 
source of reduced carbon, second only to cellulose in abundance. It 
is generally distributed as a matrix component with hemicelluloses in 
primary and secondary walls and middle lamellae of true vascular 
plants, ferns, and club m o s s e s . H e r e ,  it functions to cement the 
cells to one another thus increasing the mechanical strength of wood. 
Lignin also plays an important role in water transport in plants by 
decreasing the permeability of the cell walls. In addition, 
lignified cell walls are resistant to microbial attack. This is due 
in large part to lignin* s close association with cell wall 
polysaccharides which in effect creates an accessibility barrier to 
these more readily hydrolyzable biopolymers.(25)
Structurally, lignin is a complex, three-dimensional 
polyaromatic macromolecule containing many stable carbon-to-carbon 
and ether linkages between its monomeric phenylpropane units. 
Lignins are generally classified into three major groups based upon 
the substituted cinnamyl alcohols from which they arise (Figure 1). 
Gymnosperm lignin is a dehydrogenation polymer of coniferyl alcohol. 
Angiosperm lignin is composed of a mixed dehydrogenation polymer of 
coniferyl and sinapyl alcohols, and grass lignin is composed of a
3
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6mixed dehydrogenation polymer of coniferyl, sinapyl, and p-coumaryl 
(37 51)
alcohols.v ’ * All of these cinnamyl alcohols are synthesized from
L-phenylalanine via their corresponding hydroxycinnamic acids. The 
only exception to this is found in the grasses where L-tyrosine, in 
addition to L-phenylalanine, can be used as a precursor for 
p-coumaryl alcohol. Lignin is synthesized from sugars via the 
shikimate-cinnamate pathway, as depicted in Figure 2. 
L-phenylalanine is deaminated to cinnamic acid in a reaction 
catalyzed by phenylalanine ammonia lyase (PAL). In grasses, 
L-tyrosine is converted to p-coumaric acid by tyrosine ammonia lyase 
(TAL). The cinnamic acid is hydroxylated to p-coumaric acid which is 
itself hydroxylated to caffeic acid. Subsequent hydroxylations and 
methylations (catalyzed by O-raethyltransferases) yield ferulic and 
sinapic acids. These acids are then converted to their CoA esters 
which in turn are reduced to their corresponding cinnamyl 
alcohols.(^5) «j>he cinnamyl alcohols may then reach the cell wall as 
free alcohols or as @'-glucosides formed by glucosyltransferases with 
UDP-glucose.^^ In order for polymerization to occur the free 
alcohol is necessary. It is believed that B-glucosidases are present 
in the cell walls of lignifying tissues to cleave cinnamyl alcohol 
precursors from their glycosides.(37)
The mechanism of polymerization of the free cinnamyl alcohols 
into lignin was determined in large part by Freundenberg and 
c o - w o r k e r s . (38) It was found that through the action of phenol 
oxidases (peroxidase and laccase) and hydrogen peroxide(H202), 
coniferyl alcohol could be dehydrogenatively polymerized to a high
Figure 2 . Biosynthetic pathway for the production of lignin
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9polymer material (dehydrogenative polymer, DHP) whose properties were 
closely related to those of coniferous lignin. The dehydrogenation 
is a one-electron transfer resulting in the formation of a 
resonance-stabilized phenoxy radical (Figure 3). Stabilization of 
the radical occurs by coupling to another radical in any of the 
positions of the unpaired e l e c t r o n . R a n d o m  condensation of all 
mesomeric forms produces dimers, which undergo further 
dehydrogenation and polymerization reactions to produce oligomeric 
intermediates and finally the lignin macromolecule.
Chemical and spectrometric studies of softwood lignin by 
Alder^^ indicated that lignin is an aromatic polymer in which the 
monomeric phenylpropane units are connected by a variety of ether and 
carbon-carbon linkages. Several substructures were elucidated 
(Figure 4). It was found that the arylglycerol-0-aryl ether (6-0-4') 
linkage is the most abundant (40-60%), followed by phenylcoumaran 
(3-5', 10%), diarylpropane ( g - l 1, 5-10%), pinoresinol ( 3 -S', 5%), 
biphenyl (5-51, 10%) and diphenyl (4-0-5', 5%). These intermonomer 
linkages give rise to lignin molecules that vary widely in molecular 
weight. Natural lignins are believed to. have molecular weights of 
100,000 daltons or greater.(97) Figure 5 represents only a small 
portion of conifer lignin, as proposed by Freundenberg.(^)
Industrially produced lignins are readily available and thus 
have been used extensively in research on biodegradation. The two 
major chemical pulping processes are the Kraft process (alkaline 
sodium hydroxide/sodium sulfide cooking) and the acid sulfite 
process. During the pulping process, lignin is solublized by
10
Figure 5. Formation of phenoxyradicals of coniferyl alcohol 
by phenol oxidase
SH
12
Figure 4. Substructures commonly found in the lignin macromolecule. 
Arylglycerol-B-aryl ether (A), phenylcoumarin (B), 
diarylpropane (C), pinoresonol (D), diphenyl (E), bi­
phenyl (F)
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degradation and/or derivatization, thereby freeing the cellulose 
fibers for the manufacture of paper or other products. The 
solublized lignins are significantly modified from their -natural 
state. The major modifications caused by the Kraft process are 
cleavage of a -aryl ether and 6 -aryl ether, bonds resulting in 
extensive depolymerization. Additionally, there is limited
demethylation of methoxyl groups (lignin contains approximately 
15-16% methoxy groups) forming catechol structures, shortening of 
side chains, and various ill-defined condensation reactions.
The acid sulfite process results in the introduction of sulfonic acid 
groups into the a-positions of side chains, ary1-alkyl ether 
cleavages, and demethylation of methoxyl groups generating catechol 
g r o u p s . L u n d q u i s t ,  et a l ^ ® ^  indicated that chemical changes 
introduced into lignin by either acid sulfite or kraft pulping 
processes do significantly alter the manner by which lignin is 
biologically degraded.
II. The Use of ^C-labeled Lignins to Study Lignin Biodegradation
One of the major problems in the study of lignin degradation
*
was the lack of a definitive and sensitive assay for lignin 
biodegradation. This problem has been solved .in large part by the 
development of radioisotope assays based on ^C-labeled synthetic 
lignins and ^ C - [  lignin ]-lignocellulosics.^^'^'^®^ Biodegradative 
processes result in the conversion of ^C-lignins into or other
■^C-labeled degradation products that can be trapped and quantified.
<4 J
C-labeled synthetic lignins (DHP’s) can be synthesized in
17
the laboratory using a peroxidase/H^ catalyzed dehydrogenative 
polymerization of cinnamyl alcohols (usually ^C-labeled coniferyl or 
coumaryl alcohol).(28,44,46,67) -j^ggg ^c-labeled synthetic" lignins 
do not have any of the polysaccharides normally present in natural 
lignin (lignocellulose), and therefore are good substrates for 
physiological studies on the growth requirements (co-substrate)
during lignin degradation.
■^C-[lignin]-lignoncelluloses are prepared by feeding plants
m / <i /
radioactive precursors such as C-ferulate or C-coumarate which
are preferentially incorporated into their lignin 
components. >46,89) iignocen uiosic fraction is then extracted
from the wood using various solvents after grinding. Since 
^C-[lignin]-lignocellulosics contain the lignin-associated 
polysaccharides, they represent a more natural substrate than 
carbohydrate-free DHPs. This is of importance if one wishes to study 
the biodegradation of lignin under natural conditions (e.g., the 
humification process). The lignin portion of
^C-[lignin]-lignocelluloses can be selectively extracted from 
finely-milled plant material using neutral solvents. These
preparations are termed ^ C-mi lied-wood lignins (MWLs). MWLs are 
among the best lignins available for microbiological studies since
they are isolated in a relatively unaltered condition representative 
of natural lignin but free of the associated polysaccharides.
One of the major advantages of using ^C-labeled lignins is 
that the precursors for both synthetic and natural ^C-labeled 
lignins can be specifically labeled [e.g., ^C-(ring), ^C-(side
18
chain), ^C-(methoxyl) ]. This in effect allows one to study the 
biodegradation of specific portions of the lignin polymer.
III. Microbial Degradation of Lignin
Lignin biodegradation has been a popular topic for research 
in recent years and has been reviewed many times.(21*25,51,61) 
microbial groups that decompose lignin in axenic culture are 
essentially the same ones that can decay intact wood. This 
correlation is not surprising because of the way in which lignin in 
wood physically protects the celluloses and hemicelluloses from 
enzymatic attack. Because of the complex nature of lignin, only 
certain microorganisms are capable of producing all the enzymes 
necessary to completely degrade lignin to carbon dioxide and water, 
while others cause only limited degradation.
The range of microbial groups that are able to degrade lignin 
has been the subject of considerable debate. Most agree that the 
white-rot and brown-rot Basidiomycetes are the most efficient lignin 
degraders. It is now clear though, that lignin degradation is not 
limited to these two groups only, but that a variety of Ascomycetes, 
Fungi Imperfecti, actinomycetes, and eubacteria are also known to 
degrade lignin. The best known and most extensively studied lignin 
degarding microorganisms are the white-rot Basidiomycetes. These 
fungi are probably the most efficient of all known lignin degraders 
being able to completely degrade all major components of wood to CO2 
and water.(^5) White-rot fungi deplete carbohydrate and lignin 
simultaneously as they decay wood, although some species actually
19
decompose the lignin component in. preference to the cellulosic 
components.(^t6l) Virtually all of the significant advances toward 
elucidating the chemistry and physiology of lignin biodegradation 
have been accomplished utilizing the white-rot fungi. The most 
studied .species from the standpoint of lignin degradation are 
Phanerochaete chrysosporium Burdsall (previously named Sporotrichum 
pulverulentum) and Coriolus versicolor. C r a w f o r d l i s t s  
additional species of white-rot fungi that have been used in studies 
on lignin degradation, but to a lesser extent.
In addition to the use of ^ C —labeled lignins already 
discussed, the rapid progress in the chemistry of lignin 
biodegradation by white-rot fungi can in large part be attributed to 
three approaches: (i) the comparison of nondecayed (sound) wood and
white-rotted wood; (ii) the identification of low molecular weight 
lignin decay products from white-rotted wood; (iii) fungal 
degradation of lignin model c o m p o u n d s . M o d e l  compound studies 
utilize low molecular weight dimeric and monomeric ccmpounds that 
represent structures known to occur in lignins (see Figure 6).
A considerable amount of information has been obtained on the 
chemical mechanism of white-rot lignin degradation through the 
comparative chemical analysis Of sound milled wood lignins (MWLs) and 
lignins decayed for varying times by white-rot fungi. White-rotted 
spruce lignin that had been degraded by Coriolus versicolor and 
Polyporous anceps or Poria subacida were characterized and compared 
to M W L s . ( ^ * ^ )  Chemical analysis of these lignins, including 
functional group analysis, spectroscopic analyses, and chemical
20
Figure 6. Some representative lignin model compounds. Veratric 
acid (A), vanillic acid [B), veratrylglycerol-B- 
(o-methoxyphenyl) ether (C) , dehydrovanillin (D), 
guaiacylglycerol-8-coniferyl alcohol ether (E), 
dehydroconiferyl alcohol C H j an^ syringic acid (G)
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degradation studies, showed that the degraded lignins were altered in 
structure as compared to sound MWLs. Functional group analysis 
showed that both aliphatic and phenolic hydroxyls were fewer in 
number in the decayed wood but carboxyl groups were more abundant as 
were carbonyl groups a to aromatic rings. This indicated that 
degradation is largely an oxidative process. Kirk and Chang(^) 
found that a large percent of the carboxyl groups (but less than one 
half) in degraded lignins were associated with aromatic rings. The 
rest were primarily a  , 3 - unsaturated groups. They also found that 
the degraded lignins had been extensively demethoxylated, despite the 
absence of methoxyl-deficient aromatic structures. In addition, the 
degraded lignins were substantially dearomatized but still maintained 
a molecular weight of _> 1700 which corresponds to approximately 8 to 
10 monomer units. These results suggested that at least portions of 
the lignin polymer in wood are degraded without first being 
fragmented into "monomeric" or "low oligomeric" units.
These studies also led to the conclusion that at least three 
modes of degradative reactions are operative in the decomposition of 
lignin by white-rot f u n g i . ( i )  The oxidative cleavage of side 
chains between the a and 0.-carbon leading to the formation of 
aromatic acids. This is probably the most important reaction 
involved in lignin degradation. (51) The identification of many 
benzoic acid, benzyl alcohol, and benzaldehyde derivatives in both 
the polymeric fungus-degraded lignins and among the low molecular 
weight degradation products clearly demonstrates that this is a major 
degradative reaction pathway.0^,66) y g e  d i m e r i c  model compounds
23
has also substantiated the involvement of C a - C g  cleavage during 
lignin d e g r a d a t i o n . ( i i )  Cleavage of 3-aryl ether bonds and 
modification of side chain structures. This was implicated - by the 
extremely low yield of ketonic degradation products upon acidolysis 
of polymeric fungus-degraded lignin. Since the ketones derive 
exclusively from 3-0-4 structures in lignin, the low yield from 
decayed lignin indicated tht roost of these linkages had been 
destroyed by the fungi.(16,66) (iii) Oxidative cleavage of aromatic 
rings. Characterization of fungus-degraded lignin with ^C-NMR an(i 
identification of large amounts of conjugated carboxylic acid groups, 
other than aromatic acids, along with loss of aromativity as 
indicated by IR, UV, and paramagnetic resonance spectra, support 
degradation of aromatic rings.(16,66) por cleavage of aromatic rings 
with free phenolic hydroxyl groups, cleavage occurs between C-3 and 
C-4 after demethylation at C-3. For cleavage of aromatic rings with 
etherified phenolic hydroxyl groups, the cleavage occurs between C-2 
and C-3 after demethylation at C-3 and hydroxylation at C - 2 . ^ ^  
Degradation studies utilizing vanillic acid as a model compound 
indicated that in order for ring cleavage to occur, vanillate must 
first be decarboxylated and demethoxylated to yield hydroxyquinol, 
which is then cleaved by dioxygenases to produced maleylacetate.
Analysis of this data led- to a proposed sequence of 
degradative reactions during the decomposition of lignin by white-rot 
fungi.(66,73) These fungi apparently first attack exposed surfaces 
of the lignin polymer. These areas are oxidatively degraded as a 
result of extracellular or cell membrane associated mono and
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dioxygenases produced by the fungal hyphae. More deeply located 
lignin remains unaltered until it becomes exposed. Demethylation 
reactions are the principal early degradative events. " Lignin 
methoxyl content, therefore, will decrease with time, and as a result 
catechol (o-diphenolic) moieties are formed.. These in turn are 
attacked by fungal dioxygenases, which open aromatic rings, producing 
aliphatic carboxylic acids. These aliphatic products are still bound 
to the polymeric lignin, since ring cleavage occurs within the intact 
polymer as evidenced by the substantial molecular weight (> 1700) of 
the degraded lignins. Further degradation of aliphatic residues is 
probably hydrolytic in nature. Additional sound lignin is then 
exposed and the "erosive decay" process begins again.
Brown-rot fungi like most white-rot fungi are Basidiomycetes. 
These two wood decay groups are taxonomically similar but differ 
substantially in their degradation of lignin. White white-rot fungi 
degrade both the carbohydrate and lignin components of wood, 
brown-rotters decompose mainly the carbohydrate portion of wood 
rather than the lignin component. ^  It was found that wood
decayed by Poria monticola and Lenzites trabea was extensively 
demethylated and contained newly introduced phenolic hydroxyls. Some 
of these newly introduced phenolic hydroxyls were not generated by 
demethylation of methoxyl groups, but rather by direct hydroxylation 
of aromatic rings ortho to propanoid side chains.(62,63,64) jn 
addition, brown-rotted lignins contain more conjugated carboxyl and 
a-carbonyl groups than sound wood. Kirk(^) concluded that brown-rot 
decay of spruce lignin was largely oxidative and that demethylation
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of both phenolic and nonphenolic units to produce catechol structures 
was the major degradative reaction. Enzymatic ring cleavage, if it 
occurred, was limited, although nonenzymatic degradation of catechols 
probably occurred via autooxidation. The enzymes involved were 
postulated to be mixed-function oxygenases.
Studies by Kirk, ^t a l ^ ^ ^  investigated the ability of
brown-rot fungi to convert specifically labeled ^C-DHPs to ^COj.
The data showed that the ^C-labeled side^ chain and ring components
of the DHPs were decomposed only to a limited extent, while 
14
C-labeled methoxyl components were decomposed more extensively. 
This is in agreement with previous studies that showed the 
brown-rotters mainly demethylate lignin but are unable to cleave the 
aromatic rings. If they do open the rings, they are unable to 
significantly decompose the resulting aliphatic lignin fragments.
Other fungi have been shown to decompose lignin to a limited extent 
but the exact mechanism of decay has yet to be 
elucidated,(3!.32,45,56,77,85,105)
Numerous bacteria have been reported to decompose 
lignin.(42,47,93,106) date, probably one of the most promising
groups of lignin degrading bacteria are those of the genus 
Streptomyces. Phelan, et^  al(®9) examined the abilities of six
Streptomyces strains to decompose ^C-labeled lignocelluloses from 
Douglas fir. Comparison of "^C-labeled ring and side chain lignin 
showed that these strains preferentially attack the ring components 
while side chain components were attacked only to a limited degree.
One of these strains, S_;_ badius. released approximately 13% of
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14C-[lignin]-lignocellulose as 14C02 in 1008h of incubation. 
Borgmeyer and Crawford^11) and Crawford, jjt al^2^  characterized a 
polymeric lignin degradation product produced by S^_ viridosporus 
during growth on corn stover lignocellulose. The intermediate was 
identified as an acid-precipitabl'e, polyphenolic, polymer lignin 
(APPL) of molecular weight >20,000. APPLs were found to be enriched 
in phenolic hydroxyl groups, and to a lesser extent carboxyl groups, 
and could account for more than 30% of the lignin originally present 
in the lignocellulose. Degradative changes appeared to be largely 
oxidative and were thought to involve substantial cleavage of 
p-hydroxy ether linkages and methoxyl groups in the lignin. 
Crawford, et al^2*^ and Crawford^22  ^ hypothesized the role of an 
enzyme system in EL_ viridosporus involved in the cleavage of 8-ether 
linkages in lignin. The enzyme system does not catalyze Ccrce 
cleavage as is found in white-rot fungi, but instead involves Ca 
oxidation of-lignin side chains generating ci-carbonyl groups. This 
makes the g-ether linkages more susceptible to cleavage, either 
hydrolytically or by a monoxygenase reaction mechanism. Prior to 
B-ether cleavage, demethylation of ring structures is thought to 
occur. The net result of these reactions is the production of APPL.
Pometto and C r a w f o r d { 9 0 )  examined the ability of three 
Streptomyces to degrade ^C-labeled APPLs. The data indicated that 
the strains tested had only limited ability to further metabolize 
APPLs. viridosporus gave the greatest decrease in recoverable
^C-APPL (23%). The authors hypothesized that the lignolytic 
Streptomyces may be releasing lignin in the form of APPL as a
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mechanism to gain access to plant polysaccharides.
Recently, Chon (I-*) has isolated an Erwinia sp. which is 
capable of utilizing lignin as a sole carbon source. The isolate was 
capable of degrading kraft lignin to lower molecular weight
compounds, as well as many lignin model compounds. Green^^^ has 
isolated a mutant Erwinia sp. which degrades lignin and lignin model 
compounds at faster rates than the wild type strain.
Anaerobic decay of intact wood, if it occurs at all, is very 
slow, and searches for anaerobic degradation of lignin have to this 
point been unrewarding.(44,86) apparent absense of anaerobic
lignin metabolism in the biosphere is a consequence of the
requirement for oxygen in the initial fragmentation of the lignin
polymer.(^1) Biosynthetic precursors of lignin and low molecular 
weight aromatic compounds lacking intermonomer linkages present in 
lignin, have been demonstrated to be catabolized anaerobically via a 
common reductive pathway involving hydrolytic ring cleavage. (44) 
Recently, Colberg and Young(l®) examined the fate of low molecular 
weight polyaromatic lignin fractions isolated from alkali treated 
^C-[lignin]-lignocellulose. Results indicated that the smaller the 
size of the molecular weight fraction (1400 to less than 400), the 
more extensive the degradation to gaseous end products. Up to 30% of 
the entire soluble lignin-derived carbon was anaerobically
mineralized to and Resistance of lignified tissues to
anaerobic microbial degradation might account, in part, for the 
Earth's coal deposits.(^1)
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IV. Physiology of Lignin Degradation
Most of the physiological investigations concerning lignin 
biodegradation have been conducted with Phanerochaete chrysosporium. 
It has been shown that a readily utilizable growth substrate (e.g., 
cellulose, cellobiose, xylose) is required for lignin degradation to 
o c c u r . b asis for a cosubstrate requirement is not yet 
known but evidently lies in the balance between energy-producing and 
energy-consuming r e a c t i o n . K e y s e r ,  et a l ^ ^  noted that the 
lignolytic system of P^ chrysosporium is produced in the absence of 
lignin in response to a shift to secondary metabolism brought about 
by nitrogen starvation. Secondary metabolism and thus lignin 
degradation can also be triggered by carbon or sulfur limitation.
Lignin degradation was shown to be optimal when the
concentration of nutrient nitrogen was between 2 to 3 mM.
Concentrations of 20 to 30 mM severely suppressed lignin degradation. 
The source of nitrogen (NH^+ , N0g“ , urea, casamino acids) had little 
effect on lignin m e t a b o l i s m . J e f f r i e s ,  et noted that
under nonlimiting nitrogen concentrations, the earliest onset of
lignolytic activity was observed after 7-8 days in cultures receiving 
less than 37 uM sulfur (S0^).
The oxygen concentration in the atmosphere above stationary 
cultures of F\_ chrysosporium strongly influences lignin 
degradation.(6) i>he rate and extent of conversion of lignin to CC>2 
was two- to threefold greater under 100% 0^ than under 21% O2 .
Growth but not lignin metabolism was observed at 5% 0£ in
n i t r o g e n . C u l t u r e  agitation is frequently used to increase the
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rate of oxygen exchange between the atmosphere and culture medium, 
but this was found to inhibit lignin degradation. It was found that 
agitation resulted in mycelial pellet formation which inhibited 
lignolytic activity even under 100% 02 .(72) Recent investigations, 
however, have shown that production of a lignolytic system in P. 
chrysosporium can occur in agitated cultures upon addition of 
veratryl alcohol or detergents.(57,76,91)
The optimum pH for lignin degradation was found to be 4.5. 
Many buffers with pKgs of approximately 4.5 were tested, and 2-21 
dimethylsuccinate was found to work best.
Though the overall lignolytic system (lignin C02) of P. 
chrysosporium appears to be noninducible, the ligninase itself can be 
induced by addition of veratryl a l c o h o l . A d d i t i o n  of 0.4 mM 
veratryl alcohol resulted in a two-fold increase in ligninase 
activity.
V. Biochemical Agents of Lignin Degradation
The biochemical system that degrades lignin is extracellular, 
oxidative, and relatively nonspecific. (^1) For years it has been 
debated as to whether the mechanism of lignin biodegradation is 
enzymatic or nonenzymatic in nature.
Hall<48) has speculated that "reactive diffusible" agents, 
such as activated or reduced oxygen species, rather than oxidative 
enzymes, are directly responsible for the extracellular degradation 
of lignin. The term "active oxygen species" refers to those 
partially reduced or excited moleculers derived from ground-state
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molecular oxygen, including hydrogen peroxide CH2°2)* suPeroxide 
radical hydroxyl radical (*0H), and singlet oxygen (^C^). Of
these species, only *0H and ^ 2  are reactive enough to be considered 
as lignin oxidants in living s y s t e m s . H 2O2 and 02*" are thought 
to be biochemical precursors of these reactive species. Nebatsubo, 
at jil^®^) suggested that ^ 2  is involved in lignin degradation by P. 
chrysosporium based on the following evidence: (1) the ^ - t r a p p i n g
agent, anthracene-9, 10- bisethane sulfonate (AES), strongly inhibits 
the oxidation of lignin, but not glucose; (2) the cultures rapidly 
bleach AES, in accord with the production of (3) a photochemical
02-8enerating system and lignolytic cultures produced identical 
degradation products from a nonphenolic 6-1 model compound. Soon 
thereafter, though, Kirk, et^  al/61) concluded that 102 is not 
responsible for their earlier observations (see Nabatsubo, et al). 
This was based on results which showed that a chemical system for
generating (H0C1 + H2O2) does not produce the same degradation
products from model compounds as does the lignolytic cultures.
Three independent groups have concluded that the hydroxyl 
radical is involved in lignin degradation by P_. 
chrysosporium. ( &»36,74) These groups showed that both chemically and 
naturally produced *0H was capable of degrading lignin, and 'OH 
scavengers (e.g., benzoate, thiourea) partially suppress degradation. 
Subsequent studies however failed to support these earlier findings. 
Faison and Kirk(34) showed that production of ‘OH is not correlated 
temporarily or quantitatively with lignolytic activity in P. 
chrysosporium. Recently, Kirk, £t a l^®) showed that chemically
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generated ‘OH does not produce the same degradation products from 
lignin model compounds as does lignolytic cultures of _P. 
chrysosporium.
Research by Faison and Kirk(3^) has implicated H202 in the 
degradation of lignin. They noted a correlation between the kinetics
of synthesis of H2o2 and the appearance of lignolytic activity in 
cultures of chrysosporium. They also showed that the H20 
scavenger, catalase, strongly inhibited lignolytic activity. Soon 
thereafter, Tien and KirkC103) and Glenn, et a l ^ 0  ^ independently 
identified an extracellular H^^-dependent "ligninase" from culture 
supernatants of j\_ chrysosporium. The enzyme was capable of cleaving 
Ca -Cg bonds in the phenylpropane side chains of a nonphenolic B -1 
model compound and ^C-labeled spruce and birch lignin preparations. 
In a subsequent.study the ligninase was purified to homogeneity by 
ion exchange chromatography and characterized.(104) It was found to 
be a 42,000 dalton glycoprotein (13% carbohydrate by weight) with 
spectral properties similar to those of the hemoproteins, catalase, 
horseradish peroxidase, and c-type cytochromes. The ligninase was 
found to contain one protoheme IX moeity.per enzyme molecule and had 
a maximum activity at pH 3.0.
The enzyme catalyzes a variety of oxidations: (i) Ca-Ce
cleavage of £-1 and B-0-4 lignin model compounds; (ii) oxidation of 
benzyl alcohols to the corresponding ketone; (iii) oxidation of 
phenols leading to radical coupling; (iv) hydroxylation of certin 
benzylic methylene groups; (v) oxidation of phenols. Furthermore, 
experiments with ^®02 have established that the enzyme is an
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oxygenase. When the enzymatic cleavage of a B-l model compound was 
carried out with and was incorporated into the C
portion of the phenylglycol product which is then further oxidized to 
the ketol product and veratraldehyde.^10^  The ability of ligninase 
to completely cleave both fj-l and £-0-4 model compounds demonstrated 
its lack of stereospecificity, as each compound contains 2 chiral 
carbons, thus giving 4 sterioisomers.
Recently, the work of Schoemaker, and Kersten, et
al(59) has clarified the mechanism by which ligninase attacks the 
lignin molecule. Kersten's group demonstrated that the ligninase 
generates cation radicals from methoxybenzenes. Utilizing electron 
spin resonance and ultraviolet spectroscopy, they postulated that 
methoxybenzene cation radicals are formed directly via one-electron 
oxidation by the ligninase. Subsequent addition of HgO to the cation 
radical results in methoxyl elimination as methanol with 
p-benzoquinone being detected as the end product of the reaction.
Based on results obtained from studies utilizing artificial 
one-electron oxidizing agents, Schoemaker's group has postulated that 
the. ligninase of chrysosporium is actually a peroxidase and not an 
oxidase. The one-electron oxidation reagents were capable of 
producing the same products as the ligninase from a diarylpropane (f5 
*•1'.)■ model compund in the absence of dioxygen (Figure 7). Like 
peroxidases, the ligninase is believed to oxidize its heme moeity
with H2O2 to create a high redox potential .center, termed an oxo-iron 
(IV) porphyrin cation radical (oxy-ferryl complex), which can then 
extract an electron from the substrate via a single-electron transfer
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Figure 7. Mechanism of attack on a lignin model compound by the
ligninase of £. chrysosporium as proposed by Schoemaker, 
et al (100)# 2-di (3,4-dimethoxyphenyl)-l, 3- 
propanediol (1), veratraldehyde (2), phonylglycoi (5), 
phenylketol (4), and electron acceptor (ligninase)(EA)
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step. A cationic radical is produced in the substrate which
consequently cleaves at the Ca-Cg bond to yield a 0*-derived cation.
This immediately deprotonates to form veratraldehyde and a benzylic
radical at the Cg moeity. The radical 3 -carbon is then free to react
with molecular oxygen (if present) to produce a peroxy radical. This
1ft 1ft
explained the observed insertion of xo0 from 02 into the 8-carbon 
of the phenylglycol.degradation product of the g -1 model compound by 
Tien and Kirk. The peroxy radical can then given rise to 
phenylglycol or phenylketol. The production of aromatic cation 
radicals also provides a mechanism for demethoxylation and (3-ether 
cleavage, both of which are common reactions in addition to Cct-Cg 
cleavage during lignin degradation by P. chrysosporium.(1QQ)
Crawford and c o - w o r k e r s ( 8 7 , 1 0 7 )  have recently identified 
three novel extracellular ligninases from P_;_ chrysosporium that were
^(^-dependent and required manganese for activity. Interestingly, 
one of these, a peroxidase, in the presence of Mn and 02 , but not
^2^2' could oxidize glutathione and NADPH resulting in the production 
of H2o2 . This H2O2 may then be utilized by the ligninase to carry 
out other degradative reactions.
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VI. Potential for Bioconversion of Lignin to Useful Chemicals
The current limitations of lignin bioconversion are 
specificity of attack and the long time periods necessary for 
d e g r a d a t i o n . T h e r e  is considerable potential though for future 
development of lignin bioconversion processes. Due to its abundance 
as a waste material and its value as a renewable resource, lignin is 
a logical choice as a feedstock for chemicals and other materials 
currently being derived from petroleum products. Three principle 
sources of waste lignin are: forest and agricultural residues, urban 
and municipal wastes, and process liquor streams from wood pulping 
industries. In the pulp and paper industry, the kraft pulping 
process accounts for. 95% of the chemical pulp production in the
United States.( ^ 0
The uses of waste lignin has been reviewed extensively by
Hoyt and G o h e e m . ^ ^  Kraft lignins are usually burned in chemical 
recovery processes. Additionally, though, kraft lignin and lignin 
sulphonates are used as additives in a variety of products. These 
include oil well drilling muds, cement and concrete, emulsifiers, 
stabilizers, binders and adhesives.
In addition to lignin's use as an additive in various
products, there is also great potential for the conversion of lignin 
to low molecular weight chemicals. G o h e e n ^ ^  has summarized a 
number of chemical products now produced from waste lignins via
degradative- chemical conversion. Low molecular weight chemicals such 
as vanillan, dimethylsulfide, dimethylsulfoxide, and methylmercaptan 
are produced in low but economical yields by controlled chemical
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hydrolysis of waste lignin. Phenolic compounds can also be produced 
from lignin by high temperature or pyrolysis, but yields are low, 
making the process uneconomical.( 2 9 )  Most current chemical
conversion processes are uneconomical because they are 
energy-intensive. Microbiological conversion processes, on the other 
hand, could be less energy-intensive, although production, times may 
be longer. Various microorganisms have been shown to degrade 
significant amounts of both kraft lignin and lignin 
sulfonates.^1,22,7® ’^
Economic lignin bioconversion systems will require the 
development of microbial strains which will cleave only specific 
portions of the lignin molecule in a relatively short period of
time.^2^  By genetically manipulating lignin degrading
microorganisms, it should be possible to obtain these desirable
qualities. For example, using classical mutagenesis techniques, a 
strain may be developed which will cleave intermonomer linkages in 
lignin but be unable to cleave the aromatic rings. Genetic
manipulation faay also be used to develop strains which overproduce 
certain lignin degrading enzymes, thus increasing the overall rate of 
lignin degradation. Protoplast fusion has been used to generate 
stable, enhanced lignin degrading recombinants of Streptomyces.^®®^ 
Recently, Kirk et al^®^ reported the isolation of a stable mutant of 
P. chrysosporium which, in contrast to the wild type, produces high 
ligninase activity when grown in a disc fermentor, thereby permitting 
scale-up.
To date, none of the genes that code for lignin degrading
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enzymes have been identified and cloned. Cloning of these genes into 
suitable plasmid vectors may allow for the overproduction of enzyfnes 
that will degrade only specific portions of the lignin macromolecule.
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MATERIALS AND METHODS
I . Bacterial Strains
The Erwinia sp. used in these studies was isolated and 
identified by Y. Chon.
Escherichia coli strains and genotypes were: i) Cs412 (hsd
R, pro, leu, strA, lacYl, thi-1, thr-1, tonA2l, supE44, X^; ii) 
JM83 (ara, [lac-proABj, strA, 080, lacZAM15); iii) RGC123 (lac 
A74.lonj capR, str^, trp~); iv) NM539 (SupF, hsdR, [P2 cox
3]);^3^  v) NM519 (supF58,. sbc A recBC rk~mk+ ); vi) NM538 (sup 
F, hsdR derivative of ED8654;(39  ^ vii) BHB2688 (N205, recA, f A” , 
imm434, cits, b2, red", Earn, Sam]A-);(52) viii) BHB2690 (N205. rec 
A_, [ , imm434. cits. b2. red” , Dam. SamJ/X); ^ 32^; ix) JM103 (
[lac-proAB], thi, strA, SupE, endA, sbcB, hsdR, F' , traD36,
lac I, lacZAM15);te°) x) CSR603 (F~, thr-1, leuB6, proA2, phr-1.
recAI, argE3, thi-1, uvrA6, ara-14, lacYl, galX2, xyl-5, mtl-1,
rpst31, tsx-33. A” . su£E44).(94)
II. Media
The Erwinia sp. and E. coli strains were routinely grown on 
LB medium (per liter): lOg Bacto-tryptone (Difco), 5g Bacto-yeast
extract (Difco) and 5g NaCl. The final pH was 7.4.. Other media used 
to grow 12. coli include (per liter): (i) M9 minimal medium: 6g 
t^HPO^, 3g KHjPO^, 0.5g NaCl, and Ig NH^Cl. After autoclaving and 
cooling the following constituents were added: MgSO^ (2 mM), glucose
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(0.2%), and CaCl2 (0.1 mM). Amino acids and vitamins were added as 
required. The final pH was 7.A. (ii) NZYM: lOg HZ amine (Sheffield 
Products), 5g NaCl, lg yeast extract (Difco), and 2g MgS04 *7H20. 
Final pH was 7.4. (iii) SOB: lOg tryptone, 5g yeast extract, 0.6g
NaCl, 0.4g KC1, 2g MgCl2 , and 2.5g MgSO^. Final pH was 7.2. (iv) 
SOC: SOB medium supplemented with 3.6g glucose per liter. (v)
MacConkey agar (Difco). (vi) k-medium: M9 medium, lOg glucose, lOg 
casamino acids, 0.5g uridine. (vii) Hershey medium (sulfate free):
4g glucose, lOmg threonine, lOmg leucine, 20mg proline, 20mg
arginine, l.Orag thiamine, 5.4g NaCl, 3g KC1, l.lg NH^ci, 15lng 
CaCl2 *2H20, 203mg MgCl2 -6H20, 0.2mg FeCl3 -6H20, 87mg KH2P04 , 12.lg 
Tris. The final pH was 7.4.
Ampicillin, when needed, was added to a final concentration 
of 50 yg/ml.
III. Vectors
The plasmid vectors used in this study were pGW7.^*), pUC 18
and pUC 19.^®^ The phage vectors utilized were the lambda
replacement vector EMBL3,^®^^ M13mpl8, and M13mpl9.^®^ A b221
(rex::Tn5) CI857 0am8 Pam29 was obtained from Dr. R. Gayda,
Louisiana State University.
IV. Enzymes Used In Molecular Cloning
Restriction endonucleases were obtained from either BRL or
New England Biolabs. T4 DNA ligase, bacterial alkaline phosphatase 
and DNA polymerase I were obtained from BRL. The large fragment of
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DNA pol I (Klenow) was obtained from Boehringer Mannheim. All 
enzymes were used according to the suppliers recommendations.
V. Methods of DNA Preparation
a. Erwinia sp. Chromosomal DNA. Cells were grown overnight 
in one liter of the minimal salts medium plus glucose at 37°C with 
shaking (200 rpm). The cells were then sedimented by centrifugation 
at 5000x g in a Sorval GSA rotor for 10 minutes at 4°C. The cellular 
wet weight was estimated and the cells were resuspended in a solution 
of 0.1 M EDTA, pH 8.0, containing 0.15 M NaCl and 2 mg/ml lysozyme 
(Sigma). One ml of solution was added per gram of wet weight of a 
solution of 0.1 M Tris Cl, pH 8.0, containing 50 mM NaCl and 5 mM 
EDTA and the emulsion was incubated at 4 °C for 20 minutes 
with occasional shaking. The emulsion was then centrifuged at 12,000 
rpm (Sorvall GSA rotor) for 20 minutes at 4°C and the aqueous layer 
was pipetted into sterile centrifuge bottles. The DNA was 
precipitated by • the addition of 2 volumes of cold ethanol and 
sedimented by centrifugation at 12,000 rpm (GSA rotor) for 20 minutes 
at 4 DC. The DNA was resuspended in 2 ml of 10 mM Tris Cl, pH 8.0, 
containing 1 mM EDTA (T.E.) and 40 pi RNase (10 mg/ml) was added, 
followed by incubation at 37 °C for 30 minutes. Then, pronase was 
added to a final concentration of 500 yg/ml and incubation at 37 °C 
was continued for 30 minutes. The solution was then extracted once 
with an equal volume of T.E. saturated phenol, once with phenol: 
chloroform (1:1), and three times with water-saturated ether. 
Residual ether was removed by heating at 65°C for 5-10 minutes with
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occasional shaking until none could be detected. After cooling to 
room temperature, 1/10 volume of 3 M sodium acetate, pH 4.8, was 
added and the DNA was sedimented by centrifugation at 12,000 rpm (GSA 
rotor) for 15 minutes at 4°C, washed once with 80% ethanol, and dried 
in vacuo. Finally, the DNA was resuspended in 1.5 ml T.E. and the 
DNA concentration was estimated by measuring the absorbance at 260 nm.
b. Plasmid DNA. Five ml of an overnight culture of cells 
grown in LB plus 50 jig/®! ampicillin were used to inoculate 1 liter
of LB containing 50 ijg/ml ampicillin. The culture was grown at 37 C
(30°C in the case of pGW7) with shaking (250 rpm) to a cell density
of approximately 100 Klett units. Plasmid DNA was amplified by
adding chloramphenicol (150 mg/l) and continuing incubation overnight 
with shaking. The cells were sedimented by centrifugation for 5 
minutes at 5,000x g to yield a soft pellet. The cells were then 
resuspended in 5 ml of a solution of 50 mM Tris Cl, pH 8.0, 
containing 25% sucrose. Lysozyme (0.5 ml of a solution of 50 mM Tris 
Cl, pH 8.0, containing 10 mg/ral lysozyme and 25% sucrose) was added 
and the suspension was incubated on ice for 5 minutes. Then, 0.5 ml 
of 0.25 M EDTA, pH 8.0, was added and incubation was continued for 5 
minutes. Next, 5 ml of Triton X-100 lytic mixture (50 mM Tris Cl, pH 
8.0, containing 62 mM EDTA and 0.4% Triton X-100) was added quickly, 
vortexed briefly, and left at room temperature for 5 minutes or until 
a clear lysate was achieved. Cellular debris was sedimented by 
ultracentrifugation at 40,000 rpm for 45 minutes in a Beckman type 
75Ti rotor. The supernatant fluid was decanted into a plastic 
centrifuge tube. One gram of CsCl and 0.1 ml of a solution of 5
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mg/ml ethidiura bromide were added per ml of supernatant. Protein 
debris was then removed by centrifugation at 10,000 rpm (Sorval SS34 
rotor) for 5 minutes. This supernatant was transferred to plastic 
quick-seal tubes and a CsCl gradient was established by centrifugation 
at 49,000 rpm in a Beckman Vti65 rotor for 20 hours at 15°C. Covalently 
closed circular plasmid DNA was visualized with long-wave ultraviolet 
light and plasmid bands were withdrawn from the side of the tubes 
with a number 21 needle and syringe. To remove the ethidium bromide, 
the plasmid DNA in CsCl solution was. extracted 6 times with 
water-saturated butanol. The solution was then diluted with two 
volumes of water. DNA was precipitated by the addition of 6 times 
the original volume of ethanol and freezing at -20 °C for > 2  hours. 
The DNA was pelleted by centrifugation at 10,000 x g, washed with 80% 
ethanol, dried in vacuo, and resuspended in T. E. buffer.
c. Small-scale plasmid isolation. Small quantities of 
plasmid DNA were prepared for rapid screening by the method of 
Birnboim and Doly^®^ with some modifications. Cell containing 
plasmids were.grown overnight in 5 ml of the appropriate medium. One 
and one-half ml of culture was transferred to a microfuge tube and 
centrifuged for 30 seconds to pellet the cells. The supernatant was 
removed and the cells were resuspended in 110 pi of a solution of 25 
mM Tris Cl, pH 8.0, containing 5 mM glucose, 10 mM EDTA, and 2 mg/ml 
lysozyme. The suspension was incubated for 30 minutes on ice. Then, 
220 pi of a solution of 0.2 N NaOH containing 1% SDS was added and 
mixed by inversion until a clear lysate was achieved. The lysate was 
kept on ice for 5 minutes before the addition of 165 pi of 3 M sodium
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acetate, pH 4.8. The tubes were then placed on ice for 60 minutes, 
during which time a clot of DNA and cellular debris formed. The 
debris was pelleted by centrifugation for 5 minutes. The supernatant 
(400 1) was then transferred to a second raicrofuge tube, 1 ml of
ethanol was added, and plasmid DNA was precipitated at -70°C for 30 
minutes. The DNA was sedimented by centrifugation for 10 minutes and 
the supernatant was discarded. The DNA was resuspended in 100 yl of 
0.05 M Tris Cl, pH 8.0, containing 0.1 M sodium acetate and then 
reprecipitated with 2 volumes of ethanol at -70 °C for 10 minutes. 
After sedimenting by centrifugation, the DNA was dissolved and 
reprecipitated a third time. The DNA pellet was washed with 80% 
ethanol, dried in vacuo, and resuspended in 40 yl T.E. buffer.
d. Preparation of lambda vector EMBL3 DNA. Host cells 
(NM538) were grown overnight in LB medium supplemented with 0.2% 
maltose. Five ml of these cells were then added to 100 ml aliquots 
(in 1 liter flasks) of LB supplemented with 10 mM MgSO^,, and allowed 
to incubate at 3 7 c C with vigorous shaking (300 rpm). When the
Q
0*D»65q reached 0.45-0.6 (approximately 10 cells) EMBL3 was added at 
an m.o.i. of 0.1 and the cultures were placed back on the 
incubator-shaker. After approximately 4 to 5 hours the cultures would 
usually lyse. At. this point 1 ml of chloroform was added to each 
flask and incubation was continued for an additional 20 minutes. The 
lysed cultures were then centrifuged to remove cellular debris at 
4000 rpm (GSA rotor) for 15 minutes. Supernatants were pooled 
together in a one liter flask and 20 g of NaCl was added along with 
DNase I and RNase to a final concentration of 1 mg/ml. This was
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allowed to sit at room temperature for 1 hour and then 50 g of PEG 
6000 was added with stirring to dissolve. This was then placed at 4 °C 
overnight to precipitate the phage. The phage PEG precipitate was 
sedimented by centrifugation at 10,000 rpm for 10 minutes. The phage 
pellet was resuspended in approximately 6 ml phage buffer and gently 
rocked for 1-2 hours at 4°C to thoroughly resuspend the phage. The 
phage suspension was then loaded onto CsCl step gradients. The step 
gradients were made by layering CsCl dissolved in phage buffer with 
densities of 1.3 g/ml, 1.45 g/ml and 1.7 g/ml (top to bottom) into 
ultra-clear ultracentrifuge tubes (Beckman). The gradients were then 
centrifuged at 35,000 rpm for 2 hours at 20°C on a SW41Ti rotor. A 
bluish-grey band of phage was removed from the side of the tube with 
a 21 guage needle and syringe. This phage suspension was then loaded 
onto a 41.5% CsCl (w/w) solution and centrifuged at 33,000 rpm 
(SW50.1 rotor) for 24 hours. The phage band was removed as before 
and dialysed twice for 1 hour against a 1000-fold volume of 50 mM 
Tris Cl, pH 8.0, containing 10 mM NaCl and 10 mM MgClj.The DNA from 
the phage suspension was then extracted 3 times with an equal volume of 
T tE.-saturated phenol. Each time the emulsion was broken by 
centrifugation of 10,000 rpm (SS34 rotor) and the aqueous phase was 
removed and phenol extracted again. After the last extraction the 
aqueous phase was removed and an equal volume of water saturated 
ether added. The solution was mixed and allowed to break. As much 
ether as possible was removed with a pipet and the remainder was 
removed by heating at 70 °C for 10 minutes with occasional shaking. 
After cooling to room temperature, 1/10 volume of 3M sodium acetate,
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pH 4.8, was added, and phage DNA was precipitated with 2 volumes of 
ethanol at -20 °C for 2 hours. The DNA was sedimented by 
centrifugation at 10,000 rpm for 15 minutes at 4°C. The pellet was 
washed with 80%.ethanol and dried for 20 minutes in vacuo. Finally, 
the phage DNA‘ was resuspended in T.E. buffer and the DNA concentra­
tion was estimated by measuring absorbance at 260 nm.
e. Purification of M13 RF DNA. To prepare a phage lysate, 
host cells (JM103) were grown overnight in 5 ml of LB broth and then 
diluted 1:50 in fresh LB broth. A single plaque of either M13mpl8 or 
M13mpl9 was plugged with a sterile pasteur pipet and used to infect 2 
ml of freshly diluted host cells. The cultures were grown overnight 
at 37 C with shaking (250 rpm). The cells were then sedimented by 
centrifugation in a microfuge. The supernatant was transfered to a 
sterile microfuge tube. Host cells were then grown to O . D . ^ q = 0.6 
and diluted 1:50 into 150 ml LB broth. The culture was infected with 
50 yl of the phage lysate and grown at 37 °C with shaking (250 rpm) 
for 7 hours. The cells were harvested by centrifugation at 7,000 rpm 
(SS34 rotor) for 10 minutes at 4°C. Cells obtained in this manner 
were then lysed by a scaled-up version of the rapid plasmid isolation 
technique of Birnboim and Doly^*^ described previously. RF DNA.was 
purified by CsCl, ethidium bromide density gradient centrifugation as 
described previously.
f . Preparation of M13 single-stranded template DNA. An 
overnight culture of JM103 was diluted 1:40 in fresh LB broth and 
grown to an O . D . ^ q  = 0.3 at 3 7 °C with shaking (250 rpm). Aliquots 
(1 ml) were transferred into the culture with a sterile pasteur
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pipet. The cultures were incubated with shaking (200 rpm) at 37°C 
for 4 1/2 hours and then transferred to microfuge tubes. The tubes
were centrifuged for 5 minutes and the supernatant was transferred to
another microfuge tube. Next, 200 yl of 20% PEG 6000 in 2.5 M NaCl 
was added, mixed, and left at room temperature for 30 minutes. Phage 
were then pelleted by centrifugation for 10 minutes and the 
supernatant was discarded. The pellet was then resuspended in 100 yl 
T.E. buffer. The phage was uncoated by extraction with an equal 
volume of phenol over a 10 minute period. .After centrifugation, the 
aqueous layer was transferred to another tube, 3 M sodium acetate was
added to 0.3 M, and the DNA was precipitated at -70 °C for ten
minutes. The templates were then pelleted by centrifugation for 10 
minutes, washed once with 80% ethanol, dried in vacuo, and
resuspended in T.E. buffer.
V I . In vitro Packaging of Recombinant Lambda DNA
Packaging extracts were prepared essentially by the protocol 
described in Maniatis, et al ^ 7^  with slight modification. The £.
coli lysogens BHB2690 (Dam) and BHB2688 (Earn) were used in this
procedure.
Fifty ml of M9 medium supplemented with 0.2% casamino acids
were inoculated with each strain (previously grown at 30 °C) and
incubated at 3 2 °C with shaking (250 rpm). Each culture was then added 
to flasks containing M9-casamino acids so as to give an initial
0.D.6QQ of - 0.1 (8 x 107 cells/ml). The cells were grown with
shaking (250 rpm) at 32 °C until the O.D.^q q  was 0.3-0.4. The
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lysogens were then induced by placing the cultures in a 45 °C water 
bath for 15 minutes with occasional swirling. The induced cells were 
then incubated at 37 °C for about 2 hours with vigorous shaking. 
Successful induction was noted by clearing of a 2 ml sample of the 
culture upon addition of a few drops of chloroform. The two cultures 
were then mixed at a ratio of 2 (BHB2688) to 1 (BHB2690) and chilled 
in an ice water bath. The cells were then sedimented at 6000 rpm for 
10 minutes at 4°C. The supernatant was discarded and residual fluid 
was allowed to drain off the cell pellet in a cold room. The 
remaining fluid was wiped away from the rim of the centrifuge bottle 
with Kimwipes. The cell pellet was resuspended in 1/250 volume of - CH 
buffer (40 mM Tris-CL, pH 8.0, 10 mM spermidine, 10 mM putrescine, 
0.1% 2-mercaptoethanol, and 7% DMS0 (spec, grde) while on ice. In a 
cold room, the cell suspension was dispensed in 50 yl aliquots into 
microfuge tubes using a wide-bore pipet tip. As soon as an aliquot 
was dispensed, it was immediately placed into a canister of liquid 
nitrogen. Upon completion, the entire batch of packaging extracts 
was stored at -70°C.
DNA (25 ng to 5 jig) to be packaged was prepared in 5 y l  of 
T.E. or in ligation buffer if a ligation reaction was to be packaged. 
The solution of DNA was mixed with 30 VI of CH buffer and 1 yl of 0.1 
M ATP, pH 7.5. The amount of CH buffer used had been predetermined 
by carrying out in vitro packaging using 1.0ygEMBL3 DNA and 5-30 yl 
CH buffer. Highest litefs (about 5 x 10^ pfu/yg of EMBL3 DNA) were 
obtained using 30 yl CH buffer in the above mixture. This mixture 
was then added to 50 yl of frozen packaging extract, followed by
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vigorous mixing with a heat sealed capillary pipet (25 pi) as the 
extract thawed. To ensure that the extracts didn't thaw before
addition of the DNA mixture, no more than 2 packaging extracts were 
removed from the -70 °C freezer at once and they were immediately 
placed on ice. Anytime a mixture of DNA was to be packaged, a 
control sample containing no DNA was also done to establish the
background. After mixing well, the tubes were placed in a 37 °C water 
bath and incubated for 60 minutes. About 15 minutes before the end 
of the 60 minute incubation period, a second packaging extract was 
removed and 5 p  1 of DNase (100 mg/ml) and 2.5 Pi of 0.5 M g C ^  were 
added as the extract thawed. The mixture was stored on ice for 10 
minutes before adding 20 p 1 to the original packaging reaction. In
cubation was continued for 30 minutes at 37 °C after addition of the 
aliquot from the second extract. The packaging mixtures were gently 
agitated intermittently during this incubation period. Finally, 1 ml 
of phage buffer and 1 drop of chloroform were added to the packaging 
reaction. This was centrifuged briefly in a microfuge to remove 
debris and the supernatant was transferred to a .sterile microfuge 
tube.
The number of viable phage particles was estimated as
follows. An overnight culture of the appropriate host (NM519 or 
NM539) was diluted 1:50 in LB medium plus 0.2% maltose and grown at 
37°C to an of 0.6. The cells were then sedimented 6000 rpm
(SS34 rotor) for 5 minutes at 4°C. The cell pellet was resuspended 
in half the volume of 0.1 M MgSO^. Ten-fold serial dilutions of the 
phage were prepared in phage buffer and 0.1 ml of each dilution was
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added to 0.2 ml of host cells. After mixing, the suspension was 
incubated at 37°C for 20 minutes to allow the phage to absorb to the 
bacteria. Then 3 ml of water top agarose supplemented with 10 mM
MfiSO^ was added to each suspension and poured onto the surface of an 
NZC plate. The plates were incubated at 37 °C overnight before 
scoring plaques.
VII. Maxicell Labeling of Plasmid Specified Proteins
The procedure used was a modification of Sancar et al.^~^ 
Competent .E. coli CSR603 host cells were transformed with the 
plasmids to be analyzed, plated on LB plus 50 pg/ml ampicillin plates 
and incubated overnight at 37 °C. Isolated transformants were then 
inoculated into 3 ml of K medium and incubated overnight with shaking 
(250 rpm) at 37*C. The cells were diluted 1:100 (in a 50 ml flask) 
in 10 ml of K medium and grown at 3 7 °C to an O-D.^q q  of 0.2 (2 x 10® 
cells/ml). These cells were then diluted 1:50 in 10 ml K medium and 
grown again to an O.D.^q q  0f q .2. The cells were then transferred to 
a 6 cm petri dish (Falcon). The dish (containing the cells and a 
small stir bar) was placed onto a magnetic stir plate. A portable 
254 nm ultraviolet light (Ultraviolet Products, Inc.) was clamped to 
a stand at a distance of 20 cm from the dish. The top of the petri 
dish was removed and the vigorously stirred cells were exposed to the 
UV-light for 30 seconds. The cells were then transfered to a 125 ml 
flask, diluted 1:2 with K medium and incubated for 2 hours at 37°C. 
It should be noted that all incubations were carried out in the dark 
as the cells are photoreactivatable. Cycloserine (200 ^ig/ml) was
SI
then added to each cell suspension and incubation with shaking was 
continued for 13 to 14 hours. An addtional 200 yg/ml of cycloserine 
was then added and incubation continued for 1 hour. Cells were then 
sedimented by centrifugation at 6000 rpm (SS34 rotor) at 4°C. The 
supernatant was discarded and the cells were washed twice with 
sulfate-free Hershey medium. The cell pellet was then resuspended in 
5 ml of sulfate-free Hershey medium (50 ml flask) and incubated with
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shaking for 1 hour at 37°C. S-methionine (New England Nuclear) was 
added at a concentration of 5 yCi/ml and incubation was continued for 
1 hour at 37 °C. The cells were then sedimented at 6000 rpm and 
washed twice with 0.1 M NaCl. All supernatants were treated as 
radioactive waste. The cell pellets were then resuspended in 200 yl 
of sample buffer (0.6% DTT, 2% SDS, 10% glycerol, 0.625 M Tris-Cl, pH 
6 .8, 0.001% bromphenol blue) and boiled for 5 minutes. The cpm/yl of 
sample was determined by scintillation counting in a Beckman LS 6800 
scintillation counter. Approximately 500,000 to 750,000 cpm/lane was 
loaded onto a 12% SDS-polyacrylamide gel and electrophoresed at 30 mA 
constant current until the dye front ran off the end of the gel 
(approximately 12 hours). The gel was then dried at 80° C on a BioRad 
gel dryer. Dried gels were placed directly against Cronex X-ray film 
(Dupont) and autoradiographed for 2 days.
VIII. Electrophoretic Techniques
Horizontal agarose gels were prepared in T.B.E. 
electrophoresis buffer (89 mM Tris-borate, pH 8.0, containing 2 mM 
EDTA). Loading buffer (6X) contained 0.25% bromphenol blue, 0.25%
xylene cyanol, and 15% Ficoll in d ^ O .  After running, gels were 
stained with a solution of ethidium bromide (0.5 mg/ml) for 30-45 
minutes. DNA was visualized on a U.V, transilluminator, - Either 
Hind III or BstEII digested lambda DNA were used as molecular weight 
markers. Vertical 4% polyacrylamide gels were used to identify low 
molecular weight (^600 bp) DNA. Gels were prepared using 30% 
acrylamide (4.7 ml), 10X T.B.E. (3.5 ml), 50 mg ammonium persulfate, 
20 yl TEMED, and 24 ml water. Tracking dye contained 0.1% bromphenol 
blue and 26% Ficoll. Gels were run at 25 mA constant current then 
stained with ethidium bromide for 30 minutes and destained for 15 
minutes in deionized water. DNA was visualized as above. Msp I 
digested pBR322 DNA was used as molecular weight markers.
Sodium dodecylsulfate polyacrylamide gel electrophoresis was 
performed as described by Laemmli.^^^ Proteins were denatured by 
boiling in 200 yl sample buffer for 5 minutes. They were then loaded 
onto 12% polyacrylamide gels and electrophoresed at 30 mA constant 
current. Protein was visualized by staining with a 0.1% solution of 
coomassie blue R-250 for 1 hour followed by destaining overnight in a 
solution of 10% methanol and 7% glacial acetic acid.
For DNA sequencing, 6.7% buffer gradient (0.5 - 2.5X T.B.E.) 
polyacrylamide gels containing 8M urea were used to fractionate 
■^S-labeled DNA. Loading buffer was 0.1% bromphenol blue, 0.1% 
xylene cyanol, and 10 mM EDTA in deionized formamide. Sequencing 
gels were run at 25 watts constant power for about 2.5 hours. T.B.E. 
(0.5X) was used as the upper reservoir buffer and IX T.B.E. in the 
lower reservoir. Gels were fixed for 15 minutes in a solution of 10%
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methanol and 10% .glacial acetic acid. They were then transfered to 3 
MM paper and dried at 8 0 °C on a BioRad gel dryer. Dried gels were 
placed directly against Cronex X-ray film for autoradiography.
IX. Extraction of DNA from gels
DNA was recovered from agarose gels by cutting a slot just 
ahead of the desired band of DNA in the gel. A piece of dialysis 
membrane was used to line the distal side of the slot. The slot was 
filled with lx T.B.E. buffer and electrophoresis was continued until 
the DNA had run against the dialysis membrane. The DNA was pulled 
off of the membrane by reversing the current for 30 seconds. The 
buffer in the slot containing the DNA was collected and the slot was 
rinsed 2x with buffer which was also collected. The DNA was purified 
by passing the solution through an Elutip-D column (Schleicher and 
Schuell). DNA was concentrated by addition of one-tenth volume 3M 
sodium acetate and ethanol precipiation.
DNA was recovered from polyacrylamide gels by excision of the 
desired band from the gel. The gel slice was then macerated in 5 ml 
of 0.5 x T.B.E. buffer and DNA was allowed to diffuse out of the gel 
fragments by overnight incubation at 37 °C. Pieces of the gel were 
removed by passing the solution through a syringe plugged with 
siliconized glass wool. The DNA was purified by passage of the 
solution through an Elutip-D column followed by ethanol 
precipitation.
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X. Nucleic Acid Hybridization Techniques
DNA was transfered from gels to nitrocellulose membrane 
(BioRad Transblot Transfer Membrane) by the method of Southern.
Detection of lambda plaques was carried out as follows. 
Plaques were transfered to nitrocellulose by carefully laying a 
premarked filter disk onto the surface of the agarose for 30 seconds. 
The filters were then placed plaque side up on a disk of 3 MM paper 
saturated with 0.5 M NaOH, 1.5 M NaCl for 2 minutes. This was 
followed by immersion in 0.5 M Tris-HCl, pH 7.4, 3 M NaCl for 5 
minutes and a 5 minute wash in 2X SSC (0.3 M NaCl, 0.03 M sodium 
citrate). The filters were then baked in vacuo for 2 hours at 80 C.
Bacterial colonies were prepared for hybridization as 
described by Maniatis et al.(^) Briefly, bacterial colonies were 
replica plated onto premarked nitrocellulose filters that had been 
placed on agar plates of the desired medium. The filter replicas 
were allowed to incubate at 37 °C until the colonies were 3-5 mm in 
diameter. At this time, the filters were removed from the agar 
plates and placed on disks of 3 MM paper saturated with the following 
solutions: (i) 1 0 %  SDS, 3 minutes, (ii) 0.5 M NaOH 1.5 M NaCl, 5
minutes, (iii) 0.5 M Tris*HCl, pH 7.4, 1.5 M NaCl, 5 minutes, (iv) 2X 
SSPE (0.36 M NaCl, 20 mM NaH2poA , pH 7.4, 2 mM EDTA, pH 7.4) 5 
minutes. Filters were allowed to air dry on 3 MM paper followed by 
baking in vacuo for 2 hours at 80°C.
Radioactive probes were prepared by nick translation 
according to Rigby et al.(^) ft-^P-deoxyadenosine-S*-triphosphate 
was purchased from New England Nuclear.
DNA-DNA hybridization was carried out .as follows.
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Nitrocellulose filters to which DNA had been bound were first wetted 
in 6X SSC for 2 minutes. Prehybridization was performed by placing 
the filters in heat-sealable bags containing about 25 ml of 
hybridization buffer (50% formamide, 4X SSC, and IX Denhardt's 
solution). The bags were then incubated at 42°C with gentle shaking 
(100 rpm) for greater than 1 hour. The prehybridization buffer was 
poured out through a cut corner of the bags and fresh hybridization 
buffer containing 25 yg/ml sonicated, denatured calf thymus DNA was 
added (50 yl/cm ). Radioactive nick-translated probes were denatured 
by boiling for 10 minutes and then placed immediately into the 
hybridization bags or on ice before addition to the bags. 
Hybridization was carried out overnight at 42 °C with gentle shaking. 
Filters were then washed 3X times for 20 minutes in 2X SSC containing 
0.1% SDS and 2X for 30 minutes in IX SSC containing 0.1% SDS. The 
filters were air dried on 3 MM paper, covered in saran wrap, and 
autoradiographed using x-ray film and an intensifying screen at -70 
°C.
XI. Transformation of E. coli
Competent cells of the appropriate host were prepared and 
transformed with either plasmid or M13 RF DNA by the method of 
Hanahan.^^)
XII. DNA Sequencing
Fragments of the 3kb Sma I fragment to be sequenced were 
generated by restriction endonuclease digestion and then cloned into
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RF DNA of the M13 vectors mpl8 or mpl9. JM103 was transformed and 
presumptive recombinant phage were identified as white plaques on 
M9-X-gal plates. Recombinant phage were positively identified by 
performing rapid plasmid screens of RF DNA as previously described. 
Templates were prepared from positive clones as described earlier. 
DNA sequencing was then carried out by the methods of Sanger(96) 
using ddNTPs (P. L. Biochemicals), dNTPs (Boehringer Mannheim), 
Klenow fragment of DNA pol I (Boehringer Mannheim), a -^S-dATP (New 
England Nuclear) and universal pentadecaraer M13 primer (New England 
Biolabs). Sequencing reactions were analyzed on polyacrylamide gels 
as described earlier.
Promoter searches were carried out using software of 
Mulligan, et al.(®^) Restriction site and amino acid analysis were 
performed using software designed by Douglas Nichol for use with an 
Apple lie computer.
XIII. Quantitative PNPG Assays
Various clones and wild type strains were assayed' for their 
ability to release p-nitrophenol from p-nitrophenyl-8 
-D-glucopyranoside (PNPG). Broth cultures (100 ml LB) were grown 
overnight then pelleted by centrifugation. The cells were 
resuspended into a final volume of 4.5 ml 0.1 M sodium phosphate 
buffer, pH 6.5, supplemented with trace minerals (MgC^ 3 mM, CaCl2 
450 yM, ZnS04 110 PM, FeS04 45 PM, MnCl2 2.5 yM, CoCl2 Pl pM, CuSO^ 10 
nM). To this was added 0.5 ml of 2 x 10“%  PNPG to give a final 
volume of 5 ml. This mixture was then incubated at 37°C with shaking 
(250 rpm) for 5 hours. At the end of the reaction time. 2.5 ml of 1M
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^a2^®3 was a(*ded to stoP fche reaction. The cells were then pelleted 
by centrifugation and the supernatants analyzed at 400 nm on a 
Beckman DU spectrophotometer. A standard curve was prepared using 
p-nitrophenol (Eastman Kodak). Amounts of p-nitrophenol released 
were determined using linear regression analysis. Total protein 
content of the cells was determined using the BioRad protein
assay.v * A standard curve was prepared using bovine serum albumin
fraction V (Sigma).
XIV. Tn5 Mutagenesis
A single colony of 15. coli Cs412 harboring pJC39 was 
inoculated into a 5 ml cuture tube of Aym broth supplemented with 50y 
g/ml ampicillin and incubated overnight at 37 °C. One hundred yl of 
the overnight culture was used to inoculate a fresh 10 ml of 
Aym-ampicillin broth. This culture was incubated at 37°C with shaking 
250 rpm) until the cell density reached an 0.D, 600 of approximately
0.2-0.3 ( ' 5 x 10® cells/ml). The cells were .concentrated 10 fold by 
centrifugation (10 minutes, 10,000 rpm, SS34 rotor) and resuspended 
in fresh Aym-ampicillin broth. Four small tubes were prepared as 
follows: 1) 0.1 ml cells plus 0.1 ml.A::Tn5 (M.0.1. of 0.1); 2) 0.1
ml cells plus 0.1 ml A::Tn5 (M.0.1. of 1.0); 3) 0.1 ml cells only;
4) 0.1 ml X::Tn5 only. The tubes were agitated briefly and
incubated at room temperature for 30 minutes to allow phage 
absorbtion. To allow for transposition and expression, 1 ml of Aym 
broth containing 40 mM sodium citrate was added to each tube and 
incubated without shaking at 3 7 °C for 90 minutes. Two-tenths ml from
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each tube was spread onto LB medium supplemented with 50 p g/ml 
ampicillin, 25 pg/ml kanamycin, and 20 mM sodium citrate. The plates 
were then incubated overnight at 37°C. Approximately 200-500 Ap^,
p
Km transformants arose on each plate onto which Cs412 (pJC39)
infected with A::Tn5 had been spread.
Selection of Cs412 (pJC39::Tn5) transformants required that 
colonies be scraped off of the plates and plasmid DNA isolated by the 
method of Birnboim and Dolyf  ^ These plasmid DNA preparations were 
then used to transform competent EL coli RGC123. Transformants 
harboring pJC39;:Tn5 were selected by placing on LB medium 
supplemented with ampicillin and kanamycin.
XV. Thin Layer Chromatography (TLC)
TLC analysis of model compound transformation was performed 
as follows. Broth cultures (100 ml LB) were grown overnight then 
pelleted by centrifugation at 7000 rpm (GSA rotor) for 10 minutes. 
The cells were resuspended in a final volume of 4.9 ml 0.1 M sodium 
phosphate buffer, pH 6.5, supplemented with trace minerals (as 
described previously). To this was added 0.1 ml of 1% model 
compound. This mixture was then incubated for the desired amount of 
time at 3 7 °C with shaking (250 rpm). The cells were then pelleted by 
centrifugation and the supernatant collected. The supernatant was 
acidified with 1 drop of concentrated hydrochloric acid and extracted 
with an equal volume of ethyl acetate. The upper organic layer was 
collected and concentrated by evaporation of the ethyl acetate under 
a stream of air. The samples were then analyzed on TLC plates
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(Alltech Assoc., Inc.) using solvent systems of benzene, 2-propanol, 
NH40H (4:1:1) or benzene, propionic acid, water (2:2:1). 
Transformation of the model compounds was detected under ultraviolet 
light after the plates were sprayed with diazotized sulfanilic acid.
RESULTS
I. Subcloning of the 792bp Putative "Aryletherase" Gene into the 
Expression Plasmid pGW7
The 792bp BamHI fragment of plasmid pNCl encoding the 
"arylether" cleaving activity characterized by Narva^®®) an(j chon^"^ 
was subcloned into the expression plasmid pGW7 in an effort to 
increase cellular levels of the "aryletherase" protein. DNA 
sequencing data of Narva^®®) failed to reveal any promoter-like 
region within the 792bp fragment. It was concluded that expression 
of the gene in EL coli was apparently the result of readthrough 
transcription initiated at the tetracycline resistance gene promoter 
of pBR322. However the tet promoter is relatively weak and therefore 
not ideal if high levels of expression are desired. Plasmid pGW7 is 
derived from the EL coli plasmid pBR322 and contains a 4.0kb 
EcoRI-BamHI fragment derived from the bacteriophage lambda control 
region (Figure 8). This enables foreign genes to be placed under the 
control of the highly active lambda P^ promoter. The P^ promoter is 
regulated by the thermolabile cl repressor protein (cI857). Also 
present is the lambda N gene whose product allows for efficient 
readthrough of rho-dependent and rho-independent terminator sites. 
Cellular levels of the foreign gene product can be increased when the 
plasmid is induced for expression by raising the temperature from 30 
°C to 4 2 °C.
Plasmid pNCl was digested with BamHI and the 792bp fragment
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Figure 8. Schematic representation of the expression vector 
pGW7C21)
p G W 7  
7.0 Kb
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was subsequently recovered from a preparative agarose gel and ligated 
into BamHI digested pGW7 DNA. The ligated DNA was used to transform 
IS. coli Cs4l2. Transformants harboring pGW7 with the 792bp insert 
were identified by colony hybridization using M13mpl8-792bp RF DNA as 
probe. A number of putative recombinant transformants were 
identified by their positive hybridization signals and the presence 
of the 792bp insert was confirmed by BamHI digestion of plasmid DNA 
preparations from these clones. Aval-PstI double digests were 
performed to identify clones carrying the insert in both orientations 
(a or 6) as depicted in Figure 9.
Clones carrying the insert in either the ot or 8 orientation 
were induced at 42 C but all failed to express PNPG activity. 
SDS-polyacrylamide gel electrophoresis of protein from induced and 
non-induced cells showed that the expression vector was functioning 
properly as increased levels of 8-lactamase (~30kd) could be observed 
in the induced cultures (Figure 10). These results indicated that 
the 792bp fragment possibly lacked the necessary ribosome-binding 
site required for initiation of translation.
II. Subcloning the Putative "Aryletherase” Gene into an IS. coli 
pUC18-SP82 Early Gene Promoter Vector
Due to the apparent lack of a promoter-ribosome binding site 
regulatory region within the 792bp BamHI fragment, a plasmid vector 
carrying these regulatory regions was constructed onto which the 
putative "aryletherase" gene could be fused. This was accomplished
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Figure 9. Schematic depicting both the a and 6-orientations of 
the 792bp fragment and the 3.1kb Smal fragemnt with 
respect to the promoter of interest. Arrow denotes 
direction of transcription from the promoter.
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Figure 10. SDS-polyacrylamide gel electrophoretic analysis of
proteins produced by E. coli Cs412 harboring pGW7 with 
and without the 792 bp BamHI insert. E. coli Cs412 
42°C (lane a), pGW7 30°C (lane b) and 42°C (lane c), 
pGW7 carrying the 792 bp insert in the a-orientation 
30°C (lane d) and 42°C (lane e), and pGW7 carrying the 
792 bp insert in the 3-orientation 30°C (lane f) and 
42°C (lane g). Asterisks denote increased levels of 
3-lactamase produced by induction of the X Pr promoter.
Protein molecular weight markers are as follows: 
bovine serum albumin (66,000), ovalbumin (45,000), 
glyceraldehyde-3-phosphate dehydrogenase (36,000), car­
bonic anhydrase (29,000), tryspinogen (24,000), and 
trypsin inhibitor (20,100).
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by placing the gene under the control of a Bacillus subtilis phage 
SP82 early gene promoter regulatory region (2) inserted' into-the Eco 
RI site of the ]3. coli plasmid pUC18. The SP82 promoter fragment, 
designated ECA254, contained a unique BamHI site into which the 792bp 
BamHI fragment of pNCl could be ligated. This placed the fragment 
downstream from two SP82 ribosome binding-ATG translational 
initiation sites of different reading frames.
The expression vector was constructed in the following 
manner. ECA254, present on a 295bp Eco RI fragment in M13mp7, was 
purified from an Eco RI digest of the mp7 RF DNA and ligated into Eco 
RI digested pUC18 DNA. The ligation reaction was used to transform 
I!, coli JM83. Transformants were grown on M9 agar containing 
ampicillin and X-gal. Interestingly, restriction analysis of plasmid 
DNA from white colonies failed to identify pUC18 containing the 295 
bp Eco RI insert. However, when blue colonies from X-gal plates were 
analyzed by Eco RI and Bam HI digestion, there were found■to contain 
the ECA254 promoter fragment in the correct orientation. Streaking 
these blue colonies onto MacConkey-ampicillin agar produced red 
(lac+ ) colonies, indicating that the a-peptide of B-galactosidase was 
being transcribed and translated from the ECA254 promoter as a fusion 
peptide. JM83 (pUC18) failed to produce red colonies on MacConkey 
agar as expected.
Agarose gel purified 792 bp BamHI fragment was ligated into 
BamHI digested pUC18-ECA254 DNA and transformed into JM83. The 
transformed cells were plated on MacConkey-ampicillin agar. Plasmid
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DNA prepared from both red and white colonies was digested with BamHI 
to determine if the 792bp fragment was present. Plasmid DNA from 
both red and white colonies contained the insert. Using PstI 
digestion to determine the orientation of the fragment, it was found 
that plasmids from red colonies carried it in the a-orientation while 
white colonies carried it in the 3 -orientation. The ability of JM83, 
harboring pUC18-ECA254 with the 792bp fragment in the a-orientation, 
to produce red colonies on MacConkey agar indicated that a fusion 
protein was being produced. Analysis of sequencing data predicted 
that a fusion peptide of approximately 41,000 daltons could - be 
produced by translational readthrough of the 792bp fragment (264 
amino acids) initiated 10 amino acids upstream at an SP82 
translational start site and terminating at the end of the 107 amino 
acid a-peptide.
SDS-PAGE analysis of whole cells harboring the recombinant 
plasmids with the 792bp fragment in the a-orientation (pJC4) or the 
8-orientation (pJC20) confirmed this earlier prediction (Figure 11). 
Cells carrying pJC4 encoded a peptide of 41,000 that was produced in 
high quantities while pJC20 failed to produce the peptide. This was 
probably due to the presence of a termination codon within the 792bp 
fragment when inserted in the 8-orientation. Therefore, it appeared 
that an open reading frame of 792bp was translated when the fragment 
was present in the a-orientation. This contradicted earlier 
sequencing data of Narva^®^) which predicted an ochre termination 
codon 175 amino acids into the 792bp fragment.
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Figure 1 1 .  S D S -polyacrylamide electrophoretic analysis of proteins
produced by £. coli JM83 harboring the recombinant 
plasmids pJC4, pJCll, and pJC20. pJC4 (a-orientation) 
(lane a), pJCll (lane b), pJC20 (B-orientation)(lane c), 
partially purified fusion protein from cells harboring 
pJC4 (lane d), and partially purified fusion protein 
from cells harboring pJCll (lane e).
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Additional evidence supporting translational readthrough of 
the entire 792 bp BamHI fragment was obtained by removal of the 37bp 
BamHI-Pst I fragment from the 792bp fragment of pNCl. The larger 755 
bp BamHI-Pst I fragment was then purified and ligated into BamHI/Pst 
I digested pUC18-ECA254 DNA and transformed into JM83. Transformants 
carrying the truncated fragment did not produce red colonies on 
MacConkey agar indicating that the B-galactosidase had been rendered 
nonfunctional. SDS-PAGE analysis of whole cells harboring 
pUC18-ECA254 with the 755 bp fragment (pJCll) showed that a fusion 
peptide of approximately 36,000 daltons was being produced in large 
quantities. Analysis of sequencing data revealed that removal of the 
37bp BamHI-Pst' I fragment would result in a +1 translational frame 
shift which presumably generated a termination codon within the 
region of DNA encoding the ot -peptide. This would render the
S-galactosidase protein nonfunctional as was observed.
Examination of cells harboring pJC4 and pJCll under phase 
contrast microscopy revealed the presence of large protein aggregates 
within the cells (Figure 12). These aggregates were not observed in 
cells harboring pJC20 which indicated that they.may correspond to the 
fusion proteins. It was found that sonication of whole cells 
released the aggregates which could then be partially purified from 
the remaining cellular proteins. SDS-PAGE analysis of the partially 
purified protein aggregates from JM83 (pJC4) and JM83 (pJCll) showed 
that they did in fact correspond to the fusion peptides of 41kd and 
36kd respectively (Figure 11).
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Figure 12. Phase contrast microscopy demonstrating inclusions
of fusion protein within I:. coli JM83 (pJC4). Total 
magnification 1000X. Arrows denote protein 
inclusions,
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Neither whole cells containing pJC4 or protein aggregates 
obtained from JM83 (pJC4) demonstrated PNPGase activity - or the 
ability to degrade vanillin. It was believed that the putative 
"aryletherase" activity was not being expressed due to conformational 
changes in or near the acitve site of the protein induced by its 
fusion with the a-peptide of g-galactosidase.
III. Construction of an Erwinia sp. Gene Library in EMBL3
The failure of the plasmid vectors containing the 792bp BamHI 
fragment to express "aryletherase" activity indicated that the 
fragment probably represented only a portion of the desired gene. A 
truncated gene lacking regulatory regions could explain the erratic 
expression observed with pNCl. Construction of an Erwinia sp. 
genomic library was pursued to obtain the entire "aryletherase" gene 
which could then be stably expressed in a plasmid vector, thus aiding 
in further characterization of the enzyme.
The general strategem used to generate the Erwinia sp. 
genomic library is depicted in Figure 13. The lambda replacment 
vector EMBL3 carries a 13.7kb nonessential stuffer fragment flanked 
by polylinkers of inverse orientation. The vector was cleaved with 
BamHI so that it could accept exogenous Erwinia sp. genomic DNA 
prepared by partial Sau3A digestion. After BamHI digestion, EMBL3 
DNA was also digested with E^oRI to release the short (<10bp) 
BamHI-Eco RI fragments from both ends of the stuffer. This renders 
the stuffer fragment unable to compete with the donor DNA for
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Figure 13. Schematic diagram depicting the strategy used to 
construct the Erwinia sp. genomic DNA library
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ligation into the vector arms thus selecting for the production of 
recombinant phage. The cohesive ends of the vector arms were then 
annealed so that long concantonated DNA molecules would be generated. 
Concantenated DNA molecules are more efficient substrates for in 
vitro packaging then monomeric circles or linear molecules.
Optimum conditions for the generation of 8 to 23kb Erwinia 
sp. genomic DNA fragments were obtained by digesting 1 yg of DNA with 
0.02U Sau3A for one hour. Fragments ranging from 8 to 23kb were 
purified by preparative agarose gel electrophoresis as described in 
materials and methods. BamHI/Eco RI digested, annealed EMBL3 arms 
were ligated with the Sau3A Erwinia genomic DNA fragments at molar 
ratios (arms:inserts) of 0.5:1, 1:1, and 2:1, The ligation reactions 
were then in vitro packaged and used to infect IS. coli hosts NM538 
and NM539.
In vitro packaging of the 2:1 molar ratio ligation reaction 
yielded a titer of 2 x 10^ pfu/yg Erwinia DNA when plated on NM538. 
When packaging extracts alone were plated on NM538, a background of 
about 10 pfu/ml was detected. A more precise measure of the number 
of recombinant phage present in the library was determined by plating 
the phage on the P2 lysogen, NM539. Removal of the red and gam genes 
present on the stuffer fragment of EMBL3 renders recombinant phage 
Spi~ which allows for their direct selection on a P2 lysogen. 
Parental sequence genomes (Spi*) are effectively discriminated 
against using this selection technique. Plating the lambda library 
on NM539 yielded about 5 x 10^ pfu/pg DNA and no background plaques
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were detected upon plating of packaging extracts alone. This 
indicated that only 2 . 5 %  of the phage present in the library were 
recombinant.
IV. Screening the Lambda Library
Due to the relatively low titer of recombinant phage, it was 
thought best to amplify the library to ensure that sufficient 
quantities of recombinant phage were available for screening. The 
library was amplified on NM539 so that only recombinant (Spi~) phage 
would be represented in the amplified library. NM539 was infected 
with phage so as to produce a nearly confluent lawn of plaques. The 
phage were collected from the surface of the plates by diffusion into 
phage buffer and then titered on both NM538 and NM539. A titer of
Q
10 pfu/ml was observed on both strains indicating that almost all of 
the phage present in the amplified library were recombinant.
The amplified library was plated on E. coli NM519 prior to 
screening. This host was used instead of NM538 or NM539 because it 
produced much larger plaques than the other two strains thus making 
detection of plaques that give a postive hybridization signal much 
easier. Plaque blots were screened using ^P-nick translated M13mpl8 
RF DNA containing the 792bp BamHI fragment of pNCl. Out of 
approximately 10,000 plaques screened, six hybridized with the probe. 
These six plaques were picked from the master plates and the phage 
were plaque purified on NM519. A second plaque purification resulted 
in all plaques giving a positive hybridization signal. Figure 14
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depicts the steps in the purification of one of these six recorainant 
phage. Once purified, the phage were then used to generate plate 
lysate phage stocks to be used for preparation of phage DNA.
V. Restriction Analysis of Recombinant Phage DNA
DNA prepared from the six recombinant phage demonstrating 
homology with the mpl8-792bp probe was digested with BamHI to 
tentatively identify those clones that carried the 792bp BamHI 
fragment in their inserts. Restriction digests of the six clones 
were analyzed by southern hybridization using the mpl8-792bp probe 
(Figure 15). The probe demonstrated no homology with EMBL3 vector 
DNA. This meant that clones found to hybridize with the probe must 
do so because of homology with DNA present in their inserts.
BamHI digestion of DNA from clones F and E2 produced a 
hybridization signal from a single fragment which apparently 
comigrated with the 792 bp fragment of pNCl. Clones B and Cl gave 
similar restriction patterns indicating that they represented the 
same phage. This was possible due to the production of multiple 
copies of phage upon amplification of the library. Both of these 
clones produced a fragment showing homology and comigrating with the 
792bp fragment of pNCl though the hybridication signal for clone Cl 
is barely visible on the autoradiogram. This was probably due to 
incomplete digestion of Cl DNA possibly as a result of an impure DNA 
preparation. Clones C2 and A failed to produce a hybridization 
signal corresponding to a fragment migrating at 792bp. They did
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Figure 14. Autoradiographs of plaque blots depicting each step 
in the purification of a recombinant phage that 
demonstrated homology with 32p_iabeled M13mpl8 RF 
DNA carrying the 792BamHI fragment of pNCl,
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Figure 15. A. BamHI digests of DNA from lambda clones that 
demonstrated homology with the mpl8-792bp probe.
DNA was run on a 0.7% agarose gel. EMBL3 (lane a) 
clone F (lane b), clone E2 (lane c), clone B (lane
d), clone C2 (lane e), clone A (lane f), clone Cl 
(lane g), and pNCl (lane h ) . Hind III digested 
digested lambda DNA used as molecular size markers.
B. Southern.transfer of DNA from gel in 15A hybri­
dized with 32p_iat>eied M13mpl8 RF DNA carrying the 
792bp BamHI fragment of pNCl.
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however show some degree of homology with the probe indicating that 
the insert DNA might have contained only a portion of the 792bp BamHI 
fragment that remained associated with one of the vector arms.
Clone F and E2 DNA was chosen for further restriction
analyses based upon the strong hybridization signals produced by the 
fragments which apparently comigrated with the 792bp fragment of 
pNCl. Additional digestions were performed in an effort to identify 
a restriction endonuclease that would generate a fragment containing 
the 792bp fragment as well as flanking DNA. This larger restriction 
fragment had to be of a size that would allow it to be readily
subcloned into a plasmid vector for further studies.
Digestions were performed using restriction endonucleases 
which recognized hexanucleotide sequences not present within the
792bp BamHI fragment. Single digests were performed on clone F and
E2 DNA using Hind III, Eco RI, and Smal. Agarose gel electrophoresis 
showed that Hindlll digestion did not release a fragment of less than 
lOkb. EcoRI and Smal digests of F and E2 DNA were hybridized with 
the mpl8-792 bp probe (Figure 16). EcoRI digestion did not generate 
a single fragment which hybridized with the probe. However, when 
both F and E2 DNA were digested with Smal, strong hybridization 
signals were detected which corresponded to a fragment of 6 .0kb in 
clone F and a doublet that migrated at 3.1kb in clone E2,
Smal and Smal/Bam HI digests of F and E2 DNA were hybridized 
with the probe to better define which band of the doublet in E2 was 
responsible for the hybridization signal and also to demonstrate that
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Figure 16. A. Restriction digests of DNA from lambda clones run on
a 0.7% agarose gel. Clone F-EcoRl (lane a} and Smal (lane 
b), clone E2-EcoRI (lane c) and Smal (lane d), clone B 
BamHI (lane e), clone C2 BamHI (lane f), pNCl BamHI (lane 
g). Hind III digested lambda DNA used as molecular size 
markers.”
B. Southern transfer of DNA from gel in 16A hybridized 
with 32p_iabeled M13mpl8 RF DNA carrying the 792bp BamHI 
fragment of pNCl.
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both the 6.0 and 3.1kb fragments do in fact release the presumptive 
792bp BamHI fragment of pNCl (Figure 17). Smal/Bam HI- double 
digestion of E2 DNA resulted in the loss of the upper band of the 
doublet and the appearance of a fragment comigrating with the 792bp 
fragment of pNCl which showed homology with the probe. Double 
digestion of clone F DNA resulted in loss of the 6 .0kb fragment and 
its corresponding hybridization signal and the appearance of a 
fragment showing homology and comigrating with the 792bp fragment of 
pNCl. These results indicated that the 792bp BamHI fragment as well 
as flanking DNA sequences had been localized on both a 6.0kb and a 
3.1kb Smal fragment.
VI. Subcloning the 3.1kb Smal Fragment into E. coli Plasmid pUC19
To facilitate restriction enzyme mapping, the 3.1kb Smal 
fragment of clone E2 was subcloned into the plasmid vector pUC19. 
The 3.1kb Smal fragment was purified from a preparative agarose gel 
and blunt end ligated with Smal digested pUC19 DNA. The ligation 
reaction was then used to transform 12. coli JM83. White colonies
OH
taken from MacConkey-ampicillin plates were hybridized with P-nick 
translated DNA from clone E2 (Figure 18). The probe showed some 
degree of homology with the JM83 (pUC19) control. This could have 
been reduced by use of more stringent conditions during washing of 
the nitrocellulose filters. The probe gave a much stronger 
hybridization signal with the JM83 (pNCl) positive control. Plasmid 
DNA was isolated from all colonies giving a positive hybridization
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Figure 17. A. Restriction digests of DNA from lambda clones F 
and E2 run on a 0.7% agarose gel. EMBL3 BamHI (lane 
a), clone E2-Smal (lane b) and BamHI/Smal (lane c), 
pNCl BamHI (lane d), clone F-BamHI/Smal (lane e) and 
Smal (lane f). Hind III digested lambda DNA used as 
molecular size markers.
B. Southern transfer of DNA from gel in 17A hybri­
dized with ^2p_iabeled M13mpl8 RF DNA carrying the 
792bp BamHI fragment of pNCl.
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Figure 18. Autoradiography identifing _E. coli JM83 colonies
that harbor pUC19 with the 3.1kb Smal fragment from 
X clone E2. DNA from lysed colonies was hybridized 
with S^P-labeled d r a  from X clone E2. Arrows denote 
colonies demonstrating a positive hybridization 
signal.
pNC1 pUC19
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signal.
BamHI digestion of plasmid DNA identified a number of clones 
carrying the 3.1kb Smal fragment in opposite orientations. Figure 19 
shows the restriction fragments generated by Smal and BamHI digestion 
of plasmid DNA from two clones carrying the 3.1kb fragment in 
opposite orientations. Clone JM83 (pJC39) generated BamHI fragments 
of approximately 2 .9kb, 2.1kb, and 0 .8kb, while the opposite
orientation, JM83 (pJC2) produced fragments of approximately 4.7kb, 
O.Skb, and 0.3kb.
VII. Restriction Mapping of Plasmid pJC39
Restriction endonuclease mapping was used to confirm the pre­
sence of the BamHI fragment as well as its location within the 3.1kb 
Smal fragment of pJC39. Restriction endonucleases were used that 
recognize hexanucleotide sequences known to be present in the 792bp 
fragment and the polylinker region of pUC19. Single and double 
digests were analyzed by horizontal agarose and vertical 
polyacrylamide gel electrophoresis. BstEII digested lambda DNA and 
MspI digested pBR322 DNA were used as molecular size markers. The 
moleculer weight markers were used to construct standard curves of 
mobility vs. log^Q nucleotide base pairs from which the sizes of 
restriction fragments were determined.
EcoRI digestion generated a single fragment of 5.8kb which 
would be expected for a plasmid of 2.68kb harboring a 3.1kb insert. 
This was also in agreement with BamHI digestion which produced
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Figure 19. Restriction digests of plasmids pJC39 and pJC2 showing 
that the 3.1kb Smal insert is in opposite orientations 
within pUC19. DNA was electrophoresed on a 0.7% agarose 
gel. pUC19 Smal (lane a), pJC39-SmaI (lane b) and 
BamHI (lane c), and pJC2-SmaI (lane d) and BamHI (lane
e). Hind III digested lambda DNA was used as molecular 
size markers.
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fragments of 2.9kb, 2.1kb, and 0„8kb. In addition to the sites 
expected to occur within the 792 bp fragment and pUC19, Sail and PstI 
digestions identified one and three additional sites respecitvely 
within the 3.1 kb fragment. EcoRI/BamHI, EcoRI/PstI, and EcoRl/Sall 
double digests tentatively placed an 800 bp BamHI fragment 
approximately 200bp from the EcoRI site of the polylinker. More 
refined mapping was accomplished using BamHI/Smal, BamHI/Sall, and 
BamHI/Pstl double digests. These digests confirmed the presence of a 
BamHI fragment of 800bp which contained Sail and PstI restriction 
sites at positions closely approximating those mapped by Narva for 
the 792bp BamHI fragment of Erwinia DNA present in pNCl. Additional 
Pstl/Smal and Pstl/Sall digests were used to better define the 
location of the three additional PstI sites. This data was used to 
construct the restriction map of the 3.1kb Smal fragment depicted in 
Figure 20.
Restriction mapping placed the 792bp fragment of pJC2 in the 
a-orientation with respect to the lac promoter of pUC19. Inversion of 
the 3.1kb Smal fragment would therefore place the 792bp fragment in 
the 6-orientation, thus generating the BamHI restriction pattern 
observed by pJC39 (refer to Figure 19).
VIII. Quantitative PNPG activity of Clones Harboring pJC39 and pJC2
Previous studies conducted in this laboratory have shown that 
the ability of an organism to degrade lignin can often be correlated 
with that organism's ability to release p-nitrophenol from the
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Figure 20. Restriction digestion map of the 3.1kb Smal fragment 
present in pJC2
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aromatic glucoside p-nitrophenol- g-D-gluocopyranoside (PNPG) (Figure 
21). Although the Erwinia and .E. coli harboring pNCl were shown to 
be unable to grown on cellobiose or lactose as a carbon source, both 
were found to be capable of releasing p-nitrophenol from PNPG. PNPG 
contains a hemiacetal bond between the glucose moiety and the 
aromatic ring that can be thought of as a pseudo ether bond. 
Therefore it was reasoned that the specificity of the ether cleaving 
enzyme must lie in the recognition of the aromatic moiety of PNPG and 
not the glucose residue* Release of p-nitrophenol from PNPG yields a 
characteristic yellow color whose intensity can be measured 
spectrophotometrically.
Plasmids pUC19, pJC39, and pJC2 were transformed into JE. coli 
strain RGC123. This is a lon~ strain which is deficient in a 
protease that is often responsible for the degradation of foreign 
proteins. PNPG activity was determined as described in materials and 
methods. The results are presented in Table 1. Control strains 
RGC123 and RGC123 (pUC19) exhibited low levels of PNPG activity. 
This was probably due to non-specific hydrolysis of PNPG during the 
course of the incubation period. RGC123 (pJC2) carrying the 3.1kb 
Smal fragment in the a-orientation exhibited a PNPG activity that was 
2.7X higher than the pUC19 control. Cells harboring pJC39
demonstrated a PNPG activity that was about 4.4X higher than the 
pUC19 control. However neither clone exhibited a PNPG activity 
equivalent to that of the Erwinia sp. These results showed that 
expression of PNPG activity, although still low, had been stabilized
Table 1. PNPG activity of j:. coli RGC125 harboring plasmids 
pJC59 and pJC2
Clone_____
RGC123
RGC123 (pUC19) 
RGC123 (pJC39) 
RGC123 CpJC2) 
Erwinia sp.
PNPG activty (units*/ml)
0.0376 
0.0559 
0.2458 
0.1514 
0.5838
*y moles p-nitrophenol released/mg protein/hour
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by subcloning of the 3.1kb Smal fragment into pUC19. However the 
level of expression appeared to be dependent upon the orientation of 
the fragment within the plasmid.
IX. Degradation of Vanillin by Clones Harboring pJC39 and pJC2
The ability of _E. coli RGC123 (pJC39) and RGC123 (pJC2) to 
degrade the lignin model compound vanillin was qualitatively 
examined using thin layer chromatography (TLC). The structure of 
vanillin is depicted in Figure 21. TLC analysis of vanillin 
degradation showed that all clones, including the pUC19 control were 
capable of oxidizing vanillin to vanillic acid (Figure 22). However, 
only IS. coli RGC123 harboring pJC39 or pJC2 were capable of further 
degradation of vanillic acid. Vanillic acid was degraded to a 
metabolite which migrated with an R^ closely approximating that of 
catechol. The exact nature of the metabolite has yet to be 
determined but it might represent a quinone which arises from the 
oxidation of catechol. These results were in agreement with those 
previously obtained by Narva for the degradation of vanillin by E. 
coli Cs4l2 harboring plasmid pNCl. However unlike coli Cs412 
carrying pNCl, J3. coli RGC123 harboring pJC39 or pJC2 were unable to 
cleave the diarylether, p-phenoxyphenol. Perhaps the parameters used 
to assay for degradation with Cs412 (pNCl) were not optimal for 
degradation of p-phenoxyphenol by E^ coli RGC123 harboring the 
recombinant plasmids. The Ion mutation of RGC123 may have had an 
adverse affect on the clones ability to degrade the substrate
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Figure 21. Compounds used to study etherase activity, p-
nitrophenyl-8-D-glycopyranoside (PNPG) (A), vanillin
(B), vanillic acid (C), catechol (D), p- 
phenoxyphenol (E).
DO
a
HO
HOO
a
HDO
V
HO
0
HO^ HO
£01
104
Figure 22. Separation of degradation products of vanillin
using thin layer chromatography. I:, coli RGC123 
were incubated for 20 hours in the presence of 0.1% 
vanillin. Abbreviations: catechol (c), vanillic
acid (VA), vanillin (V), boiled cells (B). Solvent 
system: benzene, propionic acid, water (2:2:1).
Products and standards were detected by illumina­
tion with ultra violet light.
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possibly due to cell wall abnormalities affecting permeability.
X. Dideoxyribonucleotide Sequencing of the 200bp Smal-BamHI Region 
Upstream of the 792bp BamHI Fragment
The nucleotide sequence of the 200bp Smal-BamHI fragment 
located upstream from the putative 5' end of the "aryletherase” gene 
was determined using the dideoxyribonucleotide chain termination 
method of Sanger et a l ^ 6 ) t sta|j^ e expression of PNPG activity
in clones harboring pJC39 or JC2 was assumed to be due to the 
presence of a regulatory region'within the flanking 200bp fragment.
Restriction mapping of pJC39 identified several restriction 
fragments that could be used in sequencing this region (Figure 23). 
These restriction fragments were as follows: 1) a 515bp Sall-PstI
fragment: 2) a 2l5bp BamHI-EcoRI fragment; 3) a 145bp Pstl-EcoRI 
fragment. All fragments were purified from preparative 4% 
polyacrylamide gels following digestion of pJC39 DNA with the proper 
restrictrion enzymes. The fragments were then subcloned into M13mpl8 
or M13mpl9 to facilitate sequencing of both DNA strands. Phage which 
formed white plaques on M9 medium in the presence of X-gal were used 
to reinfect JM103 for preparation of M13 RF DNA. The presumptive 
recombinant RF DNA was double digested with either Sall/PstI, 
BamHI/EcoRI or Pstl/EcoRI to confirm the presence of the desired DNA 
insert. Single-stranded templates to be used in sequencing reactions 
were prepared from clones that were shown to carry the proper insert 
within the polylinker of M13.
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Figure 23. Restriction fragments used to sequence the BamHI-SmaI 
region upstream of the 792bp BamHI fragment of pJC39
Insert
£____£
E-EcoRI 
P-Pst I 
B-Bam HI 
S-Sall
*
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XI. Analyses of the Sequence of the 200bp Smal-BamHI Fragment.
Analysis of sequencing data revealed a Smal-BamHI fragment of 
206 nucleotide base pairs (Figure 24). This was in close agreement 
with the restriction mapping data which estimated the size of the 
fragment at 200bp.
A computer search for promoters with homology to the _E. coli 
consensus sequence failed to identify any regions that could be 
considered as a putative promoter. The stable expression of ether 
cleaving activity in clones harboring pJC39 or pJC2 may be due to the 
presence of an Erwinia promoter region within the 200bp fragment that 
is not analogous in base sequence to the IS. coli consensus sequence 
but is still recognized to some degree by IS. coli RNA polymerase. A 
more likely explanation would suggest the presence of an "alternate" 
etherase gene within the 3.1kb Smal fragment that is not associated 
with the "aryletherase" presumably encoded within the 792bp BamHI 
fragment.
XII. Identification of Peptides Encoded by Plasmids pJC39 and pJC2
The maxicell technique of Sancar^^^ was employed to 
determine if the 3.1kb Smal fragment cloned into pUC19 encodes a 
protein(s) that may be responsible for the observed ether cleaving 
activity. E. coli strain CSR603 was transformed with pUC19, pJC39 
and pJC2. Plasmid encoded protein was labeled with - ^ S - m e t h i o n i n e  
and electrophoresed as described in materials and methods. Figure 25
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Figure 24. Nucleotide sequence of the 206bp BamHI-SmaI fragment
Ill
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CCCGGGCGCA ATGAAAGGCA TGGTCGGCAT GGGCCAGGGT GTTCGCCGTG ATGTCGCGGC CGCCGGCATT
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TGCAGCGCCC GCCGCAGCGC T6GAAGAGGA GTTCTATCTG GAGCTGAAAG ACGCGCGTGC TGGATC
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represents an autoradiogram of peptides produced by CSR603 harboring 
these various plasmids.
Jt* c°li CSR603 carrying no plasmid DNA, exhibited only 
background levels of labeled protein indicating that the chromosomal 
DNA had been sufficiently degraded. Therefore, any labeled peptides 
observed for pJC39 and pJC2 that were not also observed for the pUC19 
control were presumed to be encoded by the 3.1kb Smal fragment. All 
strains harboring plasmid DNA produced a peptide that migrated at a 
molecular weight of 29kd. Based on previous experimentation by 
Sancar, &t j a l ^ ^ ,  it was concluded that this peptide represents the 
(3-lactamase encoded by pUC19. A less intense band observed at 32kd 
represents the precursor form of the 13-lactamase. Plasmid pJC39 
produced two additional peptides. The larger, more intensely labeled 
peptide had a molecular weight of 3lkd while the smaller, less 
intensely labeled peptide migrated at 22kd. Plasmid pJC2 produced a 
peptide that migrated at a molecular weight of 23.5kd.
Due to the presence of three distinct peptides obtained wtih 
cells harboring pJC39 and pJC2, it was difficult to correlate ether 
cleaving activity with a n y  one of these peptides. It was believed 
that the 22kd peptide of pJC39 represented a degradation product of 
the 31kd peptide. Additionally, it was thought the 23.5kd peptide of 
pJC23 may be a truncated form of the 3lkd peptide of pJC39, possibly 
explaining the lower PNPG activity observed with cells harboring 
pJC2. However, the possibility had not been ruled out that the 
protein responsible for the observed ether cleaving activity was not
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Figure 25. Autoradiography of SDS polyacrylamide gel S- 
methionine labeled proteins produced by E. coli 
CSR603 harboring recombinant plasmids. ”
114
^-lactam ase
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being produced at sufficient levels to be detected by 
autoradiography.
XIII. In Vitro Mutagenesis of pJC39 and pJC2
In vitro mutagenesis experiments were initally conducted to 
determine if deletion of the 792bp BamHI fragment would result in 
loss of the ether cleaving activity in clones harboring pJC39 and 
pJC2. Additionally, the maxicell technique was used to establish if 
deletion of the 792bp fragment would result in the loss of any of the 
peptides previously observed with cells carrying these recombinant 
plasmids.
Both pJC39 and pJC2 plasmid DNA was digested with BamHI and 
then the restriction digests were religated and used to transform 
RGC123. Plasmid DNA was isolated from randomly selected ampicillin 
resistant transformants and digested with BamHI. Agarose gel 
electrophoresis of digested plasmid DNA identified . three clones in 
which the 792bp BamHI fragment of pJC2 had been deleted. In 
addition, the upstream 210bp BamHI fragment had also been deleted. 
Analysis of restricted and religated pJC39 DNA identified two clones 
which had the 792bp fragment deleted. Sail digestion of the plasmid 
DNA from these two clones showed that the 2100bp fragment had been 
religated back into the vector of the proper orientation.
Results presented in Table 2 show that the deletion clones 
pJC39 (A792) and pJC2 ( A792) exhibited a loss in PNPG activity of 
9.8% and 14.7% respectively when compared to the activity of cells
Table 2. PNPG activity of deletion clones
Clone1
plfC19
pJC59
pJC39(A792)
pJC2
pJC2(A792)
PNPG activity (units/ml) 
0.0559 
0.2458 
0.2217 
0.1514 
0.1291
1A11 plasmids were harbored in E .  coli RGC123
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harboring pJC39 and pJC2. TLC analysis revealed that deletion of the 
792bp fragment did not affect the clones ability to degrade vanillin 
(Figure 26). These results indicated that the 792bp fragment was 
responsible for encoding low levels of ether cleaving activity. 
However, the majority of the activity observed with clones harboring 
pJC39 or pJC2 appeared to be due to an "alternate" ether cleaving 
activity, presumably encoded wtihin the 2100bp, BamHI-Smal fragment. 
Interestingly, maxicell analysis showed that niether the 31kd peptide 
of pJC39 or the 23.5kd peptide of pJC2 were lost upon deletion of the 
792bp BamHI fragment (Figures 25 and 27). Apparently, the peptide 
encoded by the 792bp fragment was not produced in sufficient quantity 
to be detected using the maxicell technique. It was thought that the 
difference in molecular weight between the 31kd and 23.5kd peptides 
might have been due to transcriptional readthrough of the gene 
beginning from within the 2100bp region and terminating within the 
flanking region of pUC19 DNA. This could have resulted in the 
production of a fusion peptide whose molecular weight depended upon 
the orientation of the 3.1kb insert within pUC19.
To test this assumption, pJC39 DNA was digested with Hind 
III. The only Hind III site present in pJC39 was located adjacent to 
the 2100bp region in the polylinker of pUC19. The staggered ends of 
the plasmid DNA were end filled using the Klenow fragment of DNA 
polymerase I and then religated. This would create a +1 shift in the 
translational reading frame of the 31kd peptide, if in fact, it was 
being partly encoded by pUC19 DNA adjacent to the 2100bp BamHI-Smal
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Figure 26. Separation of degradation products of vanillin using 
TLC £[. coli RGC123 harboring the deletion derivatives 
of pJC39 and pJC2 were incubated for 20 hours in 
the presence of 0.1% vanillin. Abbrevations: catechol
(C), vanillic acid (VA), and vanillin (V). Solvent 
system and method of detection were the same as de­
scribed for Figure 22.
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region. The ligation mixture was digested with Hind III and used to 
transform El. coli RGC123. Plasmid DNA from transformants was 
isolated and digested with Hind III to confirm that the Hind III site 
had been destroyed by the end-filling reaction. Proteins produced 
from plasmid DNA having lost the Hind III site (pJC39 HEF) were 
analyzed by the maxicell technique (Figure 27). The autoradiogram 
showed that the protein was being encoded within the 2100 bp region 
of the 3.1kb insert.
XIV. Transposon Mutagenesis of pJC39
Tn5 transposon mutagenesis was used to introduce mutations 
into plasmid pJC39. Inactivation of ether cleaving activity by 
insertion of Tn5 was used to localize the region of DNA within the 
2100bp BamHI-Smal fragment responsible for encoding the activity.
RGC123 transformants harboring pJC39::Tn5 were obtained as 
described in materials and methods. Due to the lack of a reliable 
plate selection technique for identifying clones which had lost ether 
cleaving activity, transformants were picked at random and then their 
plasmid DNA was isolated and analyzed for the presence of Tn5. BamHI 
digestion was used to determine which of the three BamHI fragments 
contained the Tn5 insert. Out of 60 transformants assayed, six 
carried Tn5 within the 2100bp BamHI-fragment. Interestingly, none of 
the remaining transformants carried Tn5 within the 792bp BamHI 
fragment.
PstI digestion was used to define the location of Tn5 within
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the 2100bp BamHI fragment. In doing this, the Tn5 insert could be
localized within one of the three PstI fragments that span the 2100bp
region (refer to Figure 20). More precise mapping of the Tn5 inserts 
was obtained using Hind Ill/Xhol and Sall/Xhol double digests. Xhol
cuts at known sites within Tn5 while it has no recognition sites
within pJC39. Figure 29 shows the locations of the Tn5 inserts
within the 2l00bp region of pJC39 as determined by restriction
mapping. It was found that Tn5 inserted at only four sites within 
the 2100bp fragment because Tn5 clones 10 and 17 were identical as 
were clones 18 and 58.
Maxicell analysis of these six Tn5 clones showed that clones 
10, 17, 13, 18, and 58 no longer demonstrated the presence of the 
31kd peptide of pJC39 whereas clone 46 did. It was also noted that 
loss of the 31kd peptide was accompanied by the loss of the 22kd
peptide, indicating that the 22kd peptide was probably a degradation 
product of the 31kd peptide (Figures 27 and 28), In pJC39::Tn5 clone 
16, Tn5 was inserted into the vector DNA and not within the 3.1kb
Smal insert. Protein encoded by this plasmid did not label well but 
upon close examination of the. autoradiogram a peptide of 31kd was 
visible. In general, pJC39::Tn5 clones were difficult to grow. This 
might have been due to the presence of T n 5 . within the plasmid which 
could have indirectly affected the growth of the cells. It also 
appeared that the presence of Tn5 may have inhibited the expression 
of other genes in the plasmid. This was evidence by the poor 
labeling of the g-lactamase protein in all Tn5 clones.
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Figure 27. Autoradiograph of SDS polyacrylamide gel S-
methionine labeled proteins produced by E_. coli 
CSR603 transformants. Cells were tansformed 
with pJC39 DNA that were altered via in vitro 
or in vivo mutagenesis techniques (as described 
in Results sections XIII and XIV).
Abbreviations: HEF-Hind III cut and end-filled 
NPTII-neophosphotransferase II 
gene product
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Figure 28. Autoradiograph of SDS polyacrylamide gel S- 
methionine labeled proteins from additional 
pJC39::Tn5 clones
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Figure 29. Restriction map depicting the sites of insertion of 
Tn5 within the 3.1kb insert of pJC39
Map of Tn5 Insertions within the 3.1 kb Sma I fragment
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The results of PNPG activity ofthe pJC39::Tn5 clones are 
presented in Table 3. Insersion of Tn5 at the sites mapped for clones 
10 and 13 resulted in reduction of PNPG activity to levels closely 
approximately that of the pUC19 control. The loss of PNPG activity 
coincided with the loss of the 31kd peptide. On the other hand, 
clones 46 and 16 produced substantial levels of PNPG activity and 
also demonstrated the presence of the 31kd peptide. Tn5 clone 18 
also demonstrated PNPG activity comparable to that of clones 46 and 
16, yet it did not demonstrate the presence of the 31kd peptide upon 
maxicell analysis. Therefore, it was not possible to conclusively 
link the presence of the 31kd peptide with the presence of ether 
cleaving activity. However, Tn5 mutagenesis did localize the region 
encoding an etherase within the 2100bp BamHI-Smal fragment. The 
reduced levels of PNPG activity in clones 46, 16, and 18 (as 
compared to pJC39) was probably due to inhibition of expression 
caused by the presence of Tn5 within the plasmid.
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Table 3. PNPG activity of pJC39::Tn5 clones
Clone*
pUC19
pJC39
Tn5-13
Tn5-10
Tn5-18
Tn5-46
Tn5-16
PNPG activity (units/ml) 
0.0437 
0.1922 
0.0485 
0.0566 
0.0906 
0.0918
0.0855
Presence of the 
31kd peptide
no
yes
no
no
no
yes
yes
*A11 plasmids were harbored in E. coli RGC123
DISCUSSION
The purpose of the present study was to enhance the
expression of a gene encoding "aryletherase" activity that had been
previously cloned from an Erwinia sp. into E. coli Cs412 by Narva 
( 83^
This gene, presumably contained within a 792bp BamHI fragment 
of Erwinia genomic DNA, was cloned into the E^ coli host using the 
plasmid vector pBR322. Y. Chon C15) demonstrated that E. coli
transformants harboring the recombinant plasmid (designated pNCl) 
were capable of cleaving arylether bonds in lignin and lignin model 
compounds. Isolation and further characterization of the
"aryletherase" protein were hindered, however, due to low and often 
erratic expression of the gene. The poor expression was thought to 
be due to the lack of regulatory regions within the 792bp fragment 
necessary for stable expression of the "aryletherase” gene.
A larger fragment of DNA harboring the 792bp fragment was
obtained by screening an Erwinia sp. genomic library constructed in 
the lambda vector EMBL3 using an M13mpl8 probe containing the 792bp 
fragment. Hybridization analysis of restriction digests of the
lambda clone DNA localized the 792bp fragment within a 3.1kb Smal 
fragment. The Smal fragment was subcloned into plasmid pUC19 in both 
orientations. IS. coli RGC123 transformants harboring pUC19 with the 
insert in the a-orientation (pJC2) or the 8-orientation (pJC39) 
stably expressed ether cleaving activity. Tn5 mutagenesis of plasmid 
pJC39 localized a putative gene encoding ether cleaving activity 
within the 2l00bp BamHI-Smal fragment downstream of the 792bp BamHI
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fragment. Maxicell analysis of peptides encoded by plasmid DNA 
identified a 31kd and 23.5kd peptide encoded by pJC39 and pJC2 
rspectively. However, Tn5 mutagenesis did not conclusively show that 
these peptides were responsible for the observed enzyme activity.
Initial experiments in this study were designed to increase 
the level of expression of the 792bp "aryletherase" gene in an 
attempt to isolate and characterize the gene product. Placing the 
gene under the control of the lambda promoter in the expression 
vector pGW7 proved unsuccessful. This was apparently due to the lack 
of a ribosome binding region at the putative 5* end of the 792bp 
fragment necessary for initiation of translation. Placing the 
"aryletherase" gene under the control of a phage SP82 early gene 
promoter, present in pUC18, also failed to produce detectable levels 
of ether cleaving activity. Analysis of proteins from cells 
harboring this recombinant plasmid revealed the presence of a unique 
peptide of approximately 41,000 daltons. Analysis of sequencing data 
indicated that a fusion peptide was being produced as a result of 
translational readthrough of the 792bp fragment. Translation was 
being initiated at an ATG start codon present in the SP82 early gene 
promoter region upstream of the 792bp fragment and terminated 
downstream at the end of the a-peptide encoded by pUC18. The absence 
of "aryletherase" activity might have been due to conformational 
changes that occurred at or near the active site of the enzyme as a 
result of its fusion with the 8-galactosidase protein.
These results suggested that the unstable, low level 
expression of the "aryletherase" gene in _E. coli cells harboring pNCl
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was due to the apparent lack of regulatory regions within the 792bp 
fragment. Therefore, an Erwinia sp. genomic DNA library was 
constructed in lambda phage EMBL3 in an effort to obtain a region of 
Erwinia DNA that represented the complete "aryletherase" gene (e.g., 
promoter region and the region that encodes the protein). The phage 
library was screened by southern hybridization of plaque blots using 
the 792bp fragment (present in M13mpl8) as probe. This resulted in 
the isolation of two lambda clones, designated F and E2, which 
released a single BamHI fragment that demonstrated homology and 
comigrated with the 792bp fragment of pNCl. The 792bp fragment of 
clone F and E2 was localized within a 6.0kb and a 3.1kb Smal fragment 
respectively. The Erwinia sp. DNA insert of clone F might have lost 
a Smal site due to a mutational event. This would explain why a 
positive hybridization signal corresponding to a Smal fragment of 
6.0kb was detected in clone F while a fragment of only 3.1kb was 
detected in clone E2. Additional hybridization experiments will be 
needed to verify this explanation.
Restriction enzyme mapping of the 3.1kb Smal fragment,
subcloned into pUC19, confirmed the presence of the 792bp BamHI 
Erwinia sp. genomic DNA fragment that was originally cloned into 
pBR322 by Narva. Additional genomic DNA regions of 200bp and 2100 bp 
were mapped upstream and downstream of the 792bp fragment
respectively.
JE. coli RCG123 transformants harboring pJC39 or pJC2 were
found to stably express PNPG activity. In addition, they degraded 
vanillin to a metabolite that appeared to migrate with an closely
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approximating that of the catechol standard on TLC plates. However, 
DNA sequencing of the 200bp region upstream of the 792bp fragment 
failed to identify a promoter region assumed to be responsible for 
this stable expression of the ’'aryletherase" gene. Suprisingly, 
deletion of the 792bp BamHI fragment from pJC39 or pJC2 resulted in a 
loss of PNPG activity of less than 15%. In light of the fact that 
the 792bp fragment was used as a probe in obtaining the larger 3.1kb 
Smal fragment, it is difficult to explain why ether cleaving activity 
is still expressed at high levels in cells harboring the deletion 
derivatives of pJC39 or pJC2, The presence of a duplicate copy or 
even a highly mutated version of the "aryletherase" gene within the 
2100bp fragment could be ruled out. This was based on hybridization 
data that showed no homology between the 2100bp fragment and the 
probe containing the 792bp fragment. However, PNPG assays of 
pJC39::Tn5 mutants suggested that a gene was present within the 
2100bp BamHI-Smal fragment that encoded ether cleaving activity.
In view of the complex chemical nature of the lignin 
macromolecule, it is logical to assume that an organism must harbor a 
number of genes encoding a wide variety of enzymes necessary for the 
degradation of lignin. Some of these genes may be contiguous with one 
another on the chromosome as a means of efficiently regulating their 
expression. In an analagous manner, it is possible that within the 
3.1kb Smal fragment there are two separate genes encoding enzymes 
involved in the catabolism of lignin. Though these two enzymes may 
have the same specificity for ether bonds, it is possible that they 
have different substrate specificities with respect to the lignin
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macromolecule. This would not require the genes to be similar in
sequence, thus explaining the lack of homology between the 792bp 
fragment and the 2100bp fragment. , .
Maxicell analysis of proteins encoded by pJC39 and pJC2 as 
well as their deletion derivatives demonstrated that a peptide was 
being encoded within the 2100bp fragment. Plasmid pJC39 encoded a 
31kd peptide while pJC2 encoded a peptide of 23.5kd. However, PNPG 
assays of pJC39::Tn5 mutants did not appear to correlate the loss of 
the 31kd peptide with the loss of PNPG activity. In two Tn5 mutants, 
10 and 13, significant loss of PNPG activity coincided with loss of 
the 31kd peptide. Tn5 mutant 18 though, still exhibited significant 
PNPG activity but failed to produce the 31kd peptide. Based on these 
results it would appear that the regions of DNA encoding the ether 
cleaving peptide and the 31kd peptide probably overlap one another. 
If this is true, the overlap must occur downstream of the insertion 
site of Tn5 mapped for pJC39 (Tn5-18) and encompass at the minimum 
the region of DNA delineated by the site of insertion of Tn5 in pJC39 
(Tn5-13) (refer to Figure 28). Assuming that the regions of DNA 
encoding these two proteins do overlap, the translational reading 
frame for each must be different. It would appear that the region of 
DNA encoding the 31kd peptide was being transcribed from the lac 
promoter of pUC19 as this peptide was only detected when the insert 
was present in the 6-orientation (pJC39). The region of DNA encoding 
the ether cleaving protein appears to be transcribed by its own 
promoter as activity was detected in both orientations. The long 
incubation periods required for detection of enzyme activity would
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suggest that the promoter is relatively weak or that translation is 
inefficient. The amount of ether cleaving activity however was 
dependent on the orientation of the insert within pUC19. This can be 
rationalized in the following manner. In the 3-orientation the 
region of DNA encoding the ether cleaving protein is transcribed by 
its own promoter as well as the lac promoter. In the a-orientation 
the gene is transcribed only by its own promoter resulting in fewer 
copies of the mRNA encoding the protein. This would explain the 
lower activity observed in cells harboring pJC2. Additionally, in 
cells harboring pJC2 there might be some inhibition of transcription 
of the ether cleaving gene due to the convergence of its transcript 
with transcription originating from the lac promoter.
The inability to detect the protein responsible for the 
observed ether cleaving activity using the maxicell technique might 
have been due to the protein being deficient in methionine residues, 
thus reducing the amount of S-methionine incorporated into the 
peptide. It is also possible that the ribosome binding site for the 
gene may not be efficiently utilized by IS, coli ribosomes, resulting 
in poor translation of the mRNA and hence a low number of copies for 
the protein.
Sequencing of the 2100bp Smal-BamHI fragment could be used to 
verify the presence of the ether cleaving gene and its regulatory 
regions. However this procedure would be tedious and time consuming. 
An alternative method would be to clone various fragments of the 
2100bp region into a promoter assay vector. If the gene does in fact 
have its own promoter it should be possible to detect its presence
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by subcloning portions of the 2100bp region into a plasmid vector 
containing a promoter-less gene (e.g., chloramphenicol transacetylase 
or 3-galactosidase) and assaying for an increase in enzyme activity. 
Once the region of DNA encompassng the ether cleaving gene and its 
regulatory regions has been more precisely delineated it might be 
possible to employ plasmid expression vectors to increase the 
expression of the gene.
An alternate, but less likely theory as to the identity of 
the ether cleaving peptide would correlate the presence of ether 
cleaving activity in cells harboring pJC39 or pJC2 with the presence 
of the 31kd or 23.5kd peptides respectively. This possibility, 
though not in complete accord with the Tn5 mutagenesis data, could be 
explained in the following manner. When the insert is present in the 
a-orientation (pJC2), the ether cleaving gene is transcribed and 
translated from its own regulatory regions resulting in the 
production of 23.5kd peptide. When the insert is present in the 
3-orientation (pJC39), transcription of the gene is directed by the 
lac promoter in addition to its own promoter. Because of this, 
ribosomes encounter a ribosome binding-ATG start site approximately 
200bp upstream of the ATG start codon normally utilized during the 
translation of the mRNA. This would result in an additional 7.5kd of 
molecular weight being added onto the existing 23.5kd peptide 
assuming that both regions are read in the same translational reading 
frame. Though a fusion peptide, the 31kd peptide still exhibits 
ether cleaving activity. The difference in the amount of activity 
between cells harboring pJC39 or pJC2 can be explained in terms of
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transcriptional efficiency. Because transcription of the gene in 
pJC2 proceeds against transcription from the lac promoter, the 
efficiency of transcription of the ether cleaving gene is. reduced, 
resulting in lower levels of enzyme activity than observed in cells 
harboring pJC39 where the gene is transcribed by the lac promoter.
The validity of this theory can be confirmed by inverting the 
3.1kb Smal fragment of pJC39::Tn5 mutants in which insertion of Tn5 
resulted in the loss of the 31kd peptide. If the 23.5kd peptide of 
pJC2 does in fact represent the majority of the 31kd peptide of 
pJC39, inversion of the insert should result in the loss of the 
23.5kd peptide. An alternative to this technique would be to purify 
enough of each peptide so that peptide mapping could be performed 
using any one of a number of proteolytic or chemical methods. 
Comparison of the digests would reveal identical fragments except for 
the portion of the 31kd peptide encoded by the additional 200bp 
region. A third method for testing the validity of this theory would 
involve raising antibodies against one of the peptides and then using 
western blotting techniques to determine if the antibody reacts with 
the other peptide thus demonstrating homology.
Though the exact nature of the ether cleaving enzyme has yet 
to be elucidated, it is possible to speculate as to its nature and 
the process by which it cleaves ether linkages based on observations 
made in this laboratory and other laboratories. The enzyme differs 
from other lignin degrading enzymes (e.g., phenoloxidases, 
ligninases) in that it does not appear to have requirement for I^O2 
to be active. It is possible that the ether cleaving enzyme is in
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fact not an enzyme with a true active site but rather a protein with 
a catalytic site that interacts with specific moieties present in the 
lignin macromolecule. These catalytic sites might be analogous to 
the iron-sulfur groups of ferredoxin in that they contain a metal ion 
or some other molecule as a coenzyme (cofactor). It is interesting 
to note that other studies conducted in this laboratory have 
demonstrated the presence of a non-heat labile cofactor in Erwinia sp. 
cells which enhances PNPG activity approximately 5 fold.
The catalytic center present in the protein is thought to be 
capable of withdrawing a single electron from an aromatic ring thus 
generating a radical cation. Schoemaker et al have demonstated
that this type of mechanism occurs during the breakdown of a g -1 
lignin model compound by the ligninase of Phanerochaete chrysosporium 
(refer to Figure 7). In the case of the ligninase though, the heme 
moiety must first be oxidized by H202 before transfer of one electron 
from the aromatic ring can occur producing the highly reactive 
radical cation. This mechanism is thought to be responsible for 
demethoxylation and other ether cleaving reactions during the 
degradation of lignin by P_. chrysosporium. A proposed mechanism for 
the demethoxylation of vanillin by the ether cleaving protein is 
depicted in Figure 30. This is based on a mechanism proposed by 
Kersten et al for the demethoxylation of dimethoxybenzenes by the 
ligninase of P. chrysosporium. Initially, enzymes present in 15. coli 
oxidize vanillin to vanillic acid which is then decarboxylated to 
yield guaiacol. The ether cleaving protein then oxidizes guaiacol by 
withdrawing one electron from the aromatic ring producing the radical
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Figure 30. Proposed mechanism for the degradation of vanillin by 
the cloned etherase. Vanillin (I), guaiacol (2), 
radical cation (3), semiquinone (4), and catechol (5).
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cation. Subsequent addition of I^O results in release of methanol to
yield catechol. All of these intermediates of the metabolism of
(102)
vanillin have been identified by Sutherland, et al during
growth of Streptomyces setonii on vanillin.
Unlike the ligninase of chrysosporium. the proposed ether 
cleaving proteins of the Erwinia sp. probably do not contain an 
oxidizable prosthetic group. This assumption is based on studies 
performed in this laboratory which showed that addition of oxidizing 
agents (e.g., FAD, NAD) failed to increase the PNPG activity of
Erwinia cell extracts.
Instead, it is postulated that the reduced form of the ether 
cleaving protein is returned to its oxidized state by the transfer of 
an electron to redox proteins located in or near the cytoplasmic 
membrane. These proteins might be cytochromes or other electron 
accepting proteins present in the electron transport system. In the 
Erwinia sp., as well as _E. coli harboring pNCl, pJC39, pJC2, ether 
cleaving activity could be demonstrated using whole cells. This 
indicated that the proteins responsible for the observed activity 
might be localized within the periplasm. Evidence has been shown in 
other bacterial systems for the transfer of electrons from a 
periplasmic protein to components of the electron transport system. 
Husain et_ al^  (54) demonstrated that the blue copper protein, 
amicyanin, found in Paracoccus denitrificans mediates the transfer of 
electrons from methylamine dehydrogenase to cytochrome c. A similar 
protein has also been described by Ingledew(^) in the bacterium 
Thiobacillus ferrooxidans. It is interesting to note that like £.
142
denitrifleans, the Erwinia sp. also appears to be a methanol
oxidizing bacterium.
Further insight into the mechanism of ether cleavage will
depend in large part upon the use of more quantiative and sensitive
methods of analysis. The methods would utilize gas chromatography, 
HPLC, NMR, and mass spectroscopy to more precisely determine the
metabolites produced during the degradation of lignin and lignin
model compounds. Additionally, the use of radiolabeled lignin and 
lignin model compounds will allow for the accurate determination of 
the amounts of degradation taking place as well as the mechanism by 
which the substrate is being degraded.
Another area which requires more detailed study is the
physiology of the ligninolytic Erwinia sp. More information needs to 
be obtained as to the growth conditions which are necessary for
optimum degradation of lignin. A requirement for an as of yet
unidentified cofactor has already been observed which markedly 
enhanced PNPG activity. Once the optimum conditions for lignin
degradation by the Erwinia have been determined it should then be 
possible to purify the enzymes involved in lignin degradation. 
Antibodies raised against these purified enzymes can then be used to 
screen an Erwinia genomic library so that the genes involved in 
lignin degradation can be cloned and studied on an individual basis.
BIBLIOGRAPHY
1. Abbott, T. P. and D. T. Wicklow. 1984. Degradation of lignin 
by Cyathus species. Appl. Environ. Microbial. 47:585-587.
2. Achberger, E. C., M. D. Hilton, and H. R. Whiteley. 1982. The 
Effect of the delta subunit .on the interaction of Bacillus 
subtilis RNA polymerase with bases in a SP82 early gene promoter. 
Nucleic Acids Research. 10:2893-2909.
3 . Alder, E. 1977. Lignin chemistry - past, present and future. 
Wood Sci. Technol. 11:169-218.
4. Ander, P. and K. E. Eriksson. 1978. Lignin degradation and 
utilization by micro-organisms. Prog. Ind. Microbiol. 14:1-58.
5. Ander, P., K, E. Eriksson, and H. S. Yu. 1983. Vanillic acid 
metabolism by Sporotrichum pulverulentum: evidence for deme-' 
thoxylation before ring-cleavage. Arch. Microbiol. 136:1-6.
6 . Bar-Lev, S. S. and T. K. Kirk. 1981. Effects of molecular 
oxygen on lignin degradation by Phanerochaete chrysosporium. 
Biochem. Biophys. Res. Comm. 99:373-378.
7. Benner, R., A. E. Maccubbin, and R. E. Hodson. 1984. Anaerobic
biodegradation of the lignin and polysaccharide components of
lignocellulose and synthetic lignin by sediment microflora.
Appl. Environ. Microbiol. 47:998-1004.
8 . Bes, B., R. Ranjeva, and A. M. Boudet. 1983. Evidence for the 
involvement of activated oxygen in fungal degradation of ligno­
cellulose. Biochimie. 65:283-289.
9. BioRad Laboratories. 1979. Instructions for the BioRad protein 
assay. BioRad Laboratories, Richmond, California. 17 pp.
10. Bimboim, H. C. and J. Doly. 1979. A rapid alkaline extraction 
procedure for screening recombinant plasmid DNA. Nucleic Acids 
Research 2:1513-1523.
11. Borgmeyer, J. R. and D. L. Crawford. 1985. Production and 
characterization of polymeric lignin degradation intermediates 
from two different Streptomyces spp. Appl. Environ. Microbiol. 
49: 273-278.
12. Cain, R. B. 1980. The uptake and catabolism of lignin-related 
aromatic compounds and their regulation in microorganisms. I n :  
Lignin biodegradation: microbiology, chemistry, and potential
applications. (T. K. Kirk, T. Higuchi, andH. M. Chang, eds.). 
CRC Press, Inc. Boca Raton, Florida, pp. 21-60.
143
144
13. Chen, C. L., H. M. Chang, and T. K. Kirk. 1982. Aromatic acids
produced during degradation of lignin in spruce wood by 
Phanerochaete chrysosphorium. Hoizforschung 56:3-9.
14. Chen, C. L., H. M. Chang, and T. K. Kirk. 1983. Carboxylic
acids produced through oxidative cleavage of aromatic rings dur­
ing degradation of lignin in spruce wood by Phanerochaete 
chrysosporium. J. Wood Chem. Technol. 3^35-53.
15. Chon, Y. 1984. Isolation and identification of a lignin degrading 
bacterium. Masters Thesis, Department of Microbiology, Louisiana 
State University.
16. Chua, M. G. S., C. L. Chen, H. M. Chang, and T. K. Kirk. 1982.
13c NMR spectroscopic study of spruce lignin degraded by 
Phanerochaete chrysosporium. 1. New Structures. Holzforschung 
36:165-172.
17. Chua, M. G. S., S. Choi, and T. K. Kirk.. 1983. Mycelium binding
and depolymerization of synthetic 14c-labeled lignin during de­
composition by Phanerochaete chrysosporium. Holzforschung 37:55-61.
18. Colberg, P. J. and L. Y. Young. 1985. Anaerobic degradation of 
soluble fractions of [l^C-lignin] lignocellulose. Appl. Environ. 
Microbiol. 49:345-349.
19* Crawford, D. L. 1978. Lignocellulose decomposition by selected
Streptomyces strains. Appl. Environ. Microbiol. 35:1041-1045.
20. Crawford. D. L., M. J. Barder, A. L. Pometto III, and R. L. 
Crawford. 1982. Chemistry of softwood lignin degradation by 
Streptomyces viridosporus. Arch. Microbiol. 131:340-145.
21. Crawford, D. L. and R. L. Crawford. 1980. Microbial degradation 
of lignin. Enz. Microbiol. Technol. 2^:11-22.
22. Crawford, D. L., S. Floyd, A. L. Pometto III, and R. L. Crawford. 
1977. Degradation of natural and kraft lignins by the microflora 
of soil and water. Can, J. Microbiol. 23:434-440.
23. Crawford, D. L., T. M. Pettey, B. M. Thede, and L. A. Deobald.
1984. Genetic manipulation of lignolytic Streptomyces and genera­
tion of improved lignin-to-chemical bioconversion strains. 
Biotechnology and Bioengineering Symp. No. 14:241-256.
24. Crawford, D. L., A. L. Pometto III, and R. L. Crawford. 1983.
Lignin degradation by Streptomyces viridosporus: Isolation and
characterization of a new polymeric lignin degradation inter­
mediate. Appl. Environ. Microbiol. 45:898-904.
145
25. Crawford, R. L. 1981. Lignin biodegradation and transformation.
(R. L. Crawford, ed.). John Wiley and Sons, Inc. New York.
p p . 1-6 .
26. Crawford, R. L. and D. L. Crawford. 1978. Radioisotopic methods
for the study of lignin biodegradation. Dev. Ind. Microbiol. 19: 
35-49.
27. Crawford, R. L. and D. L. Crawford. 1984. Recent advances in
studies of the .mechanism's of microbioal degradation of lignins.
Enz. Microbiol. Technol. 6^:434-442.
28. Crawford, R. L., L. E. Robinson, and A. M. Cheh. 1981. R e ­
labeled lignins as subtrates for the study of lignin biodegradation 
and transformation. _In: Lignin biodegradation: microbiology,
chemistry, and potential applications. (T. K. Kirk, T. Higuchi, 
and H. M. Chang, eds.). CRC Press, Inc. Boca Raton, Florida, pp. 
61-76.
29. Crawder, A. L., W. W. Eudy, and E. C. Setliff. 1978. Industrial 
aspects of lignin biodegradation. Dev. Ind. Microbiol. 19:63-68.
30. Deutch, A. H.,- C. J. Smith, K. E. Rushlow, and P. J. Krelschmer. 
1982. Escherichia coli -pyrroline-5-carboxylate reductase: gene 
sequence, protein overproduction, and purification. Nucleic Acids 
Research ljO: 7701-7715.
31. Drew, S. W. and K. L. Kadam. 1979. Lignin metabolism by 
Aspergillus fumigatus and white-rot fungi. Dev. Ind. Microbiol. 
20:152-161.
32‘. Eslyn, W. E., T. K. Kirk, and M. J. Effland. 1975. Changes in
the chemical composition of wood caused by six soft-rot fungi. 
Phytopathology 65:473-476.
33. Faison, B. D. and T. K. Kirk. 1983. Relationship between lignin 
degradation and production of reduced oxygen species by 
Phanerochaete chrysosporium. Appl. Environ. Microbiol. 46:1140- 
1145.
34. Faison, B. D. and T. K. Kirk. 1985. Factors involved in the 
regulation of a ligninase activity in Phanerochaete chrypososporium. 
J. Biol. Chem. 257:11455-11462.
35. Forney, L. J., C. A. Reddy, and H. S. Pankratz. 1982. Ultra- 
structural localization of hydrogen peroxide production in lignin- 
otytic Phanerochaete chrysosporium cells. Appl. Environ. Microbiol. 
44:732-736.
146
56. Forney, L. J., C. A. Reddy, M. Tien, and S. D. Aust. 1982. The 
Involvement of hydroxyl radical derived from hydrogen peroxide in 
lignin degradation by the white-rot fungus Phanerochaete 
chrysosporium. J. Biol. Chem. 257:11455-11462.
37. Freundenberg, K. 1965. Lignin: Its constitution and fermation
from p-hydroxycinnamyl alcohols. Science 148:595-600.
38. Freudenberg, K. and A. C. Neish. 1968. The constitution and
biosynthesis of lignin. In: Constitution and Biosynthesis of
Lignin (K. Freudenberg and A. C. Neish, eds.). Springer-Verlag, 
Berlin, pp. 82-97.
39. Frischauf, A. M., H. Lehrach, A. Poustka, and N. Murray. 1983. 
Lambda replacement vectors carrying polylinker sequences. J.
Molec. Biol. 170:827-842.
40. Glenn, J. K., M. L. Morgan, M. B. Mayfield, M. Kuwahara, and M.
H. Gold. 1983. An extracellular H202-requiring enzyme prepara­
tion involved in lignin biodegradation by the white-rot 
basidiomycete Phanerochaete chrysosporium. Biochem. Biophys. Res. 
Cotmnun. 114:1077-1083.
41. Goheen, D. W. 1971. Low molecular weight chemicals. Jn:
Lignins: Occurences, Formation, Structure, and Reactions (K. V.
Sarkanen and C. H. Ludwig, eds.). Wiley-Interscience, New York, 
pp. 797-131.
42. Gradziel. K., K. Haider, J. Kochmanska, E. Malarcyzk, and J. 
Tropnowski. 1978- Bacterial decomposition of synthetic R e ­
labeled lignin and lignin monomer derivatives. Acta Microbiol.
Pol. 27:103-109.
43. Greene, A. P. 1985. Biodegradation of lignin by mutants of 
Erivinia spp. Masters Thesis, Department of Microbiology,
Louisiana State University.
44. Hackett, W. F., W. J. Connors, T. K. Kirk, and J. G. Zeikus. 1977. 
Microbial decomposition of synthetic Rc-labeled lignins in nature: 
lignin biodegradation in a variety of natural materials. Appl. 
Environ. Microbiol. 33:43-51.
45. Haider, K., J. P. Martin, and E. Rie.tz. 1977. Decomposition in 
soil of Rc-iabeled co*unar)rl alcohols: free and linked into
dehydropolymer and plant lignins and model humic acids. Soil Sci. 
Soc. Am. 41:556-561.
46. Haider, K. and J. Trojanowski. 1975. Decomposition of specifical­
ly 14c-labeled phenols and-dehydropolymers of coniferyl alcohol as 
models for lignin degradation by soft and white-rot fungi. Arch. 
Microbiol. 105:33-42.
147
47. Haider, K., J. Trojanowski, and V. Sundman. 1978. Screening for 
lignin-degrading bacteria by means of I4c-labeled lignings. Arch. 
Microbiol. 119:103-106.
48. Hall, P. L. 1980. Enzymatic transformations of lignin: 2.
Enzyme Microbiol. Technol. £: 170-176.
49. Hanahan, D. 1983. Studies on the transformation of Escherichi
coli with plasmids. J. Molec. Biol. 166:557-580.
50. Higuchi, T. 1980. Microbial degradation of dilignols as lignin
models. In: Lignin Biodegradation: Microbiology, Chemistry, and
Potential Applications (T. K. Kirk, T. Higuchi, and H. Chang, eds.). 
Vol. I. CRC Press, Inc., Boca Raton, Florida, pp. 171-193.
51. Higuchi, T. 1985. Biosynthesis and biodegradation of wood
components. (T. Higuchi, ed.). Academic Press, Inc., Orlando, 
Florida, pp. 535-605.
52. Hohn, B. 1979,. In vitro packaging of and cosmid DNA. Methods 
Enzymology 68:299-309.
53. Hoyt, C. H. and D. W. Goheen. 1971. Polymeric products. In: 
Lignins: Occurence, Formation, Structure, and Reactions (K7~V. 
Sarkanen and C. H. Ludwig, eds.). Wiley-Intersciences, New York, 
pp. 833-865.
54. Husain, M. and V. L. Davidson. 1986. Properties of Paracoccus 
denitrificans amicyanin. Biochemistry 25:2431-2436.
55. Ingledew, W. J. 1986. Ferrous iron oxidation by Thiobacillus 
ferrooxidans. Biotechnology and Bioengineering Symposium No. 16 
(H. L. Ehrlich and D. S. Holmes, eds.) John Wiley and Sons, New 
York, pp. 25-33.
56. Iwahara, S. 1980. Microbial degradation of DHP. In: Lignin
Biodegradation: Microbiology, Chemistry, and Potential Applica­
tions (T. K. Kirk, T. Higuchi, and H. M. Chang, eds.). Vol. 2.
CRC Press, Inc., Boca Raton, Florida, pp. 151-171.
57. Jager, A., S. Croan, and T. K. Kirk. 1985. Production of 
ligninases and degradation of lignin in agitated submerged cul­
tures of Phanerochaete chrysosporium. Appl. Environ. Microbiol. 
50(5):1274-1278.
58. Jeffries, T. W., S. Choi, and T. K. Kirk. 1981. Nutritional 
regulation of lignin degradation by Phanerochaete chrysosporium. 
Appl. Environ. Microbiol. 42:290-296.
59. Kersten, P. J., M. Tien, B. Kalyanaraman, and T. K. Kirk. 1985. 
The ligninase of Phanerochaete chrysosporium generates cation 
radicals from methoxybenzenes. J. Biol. Chem. 260:2609-2612.
148
60. Keyser, P., T. K. Kirk, and J. G. Zeikus. 1978. Ligninolytic 
enzyme system of Phanerochaete chrysosporium: synthesized in the
absence of lignin in response to nitrogen starvation. J.
Bacteriol. 135:790-797.
61. Kirk, T. K. 1971. Effects of microorganisms on lignin. Ann.
Rev. Phytopathol. 185-210.
62. Kirk, T. K. 1975. Effects of a brown-rot fungus, Tenzites
trabea, on lignin in spruce wood. Holzforchung 29:99-107.
63. Kirk, T. K. and E. Adler. 1969. Catechol moieties in enzymati­
cally liberated lignin. Acta Chem. Scand. 25:705-707.
64. Kirk, T. K. and E. Adler. 1970. Methoxyl-deficient structural
elements in lignin of sweetgum decayed by a brown-rot fungus.
Acta Chem. Scand. 24:3379-3390.
65. Kirk, T. K. and H. M. Chang. 1974. Decomposition of lignin by
white-rot fungi. I. Isolation of heavily degraded lignins from 
decayed spruce. Holzforschung 2 8 :217-222.
66. Kirk, T. K. and H. M. Chang. 1975. Decomposition of lignin by
white-rot fungi. II. Characterization of heavily degraded lignins 
from decayed spruce. Holzforschung 29:56-64.
67. Kirk, T. K., W. J. Connors, R. D.  Bleam, W. F. Hackett, and J.
G. Zeikus. 1975. Preparation and microbial decomposition of 
synthetic [*4C] lignins. Proc. Natl. Acad. Sci. USA, 72:2515-2519.
68. Kirk, T. K., W. J. Connors, and J. G. Zeikus. 1976. Requirement
for a growth substrate during lignin decomposition by two wood 
rotting fungi. Appl. Environ. Microbial. 32:192-194.
69. Kirk, T. K., S. Croan, M. Tien, K. E. Murtagh, and R. L. Farrell.
1986. Production of multiple ligninases by Phanerochaete 
chrysosporium: effect of selected growth conditions and use of a
mutant strain. Enz. Microbiol. Technol. 27-32.
70. Kirk, T. K., M, D.  Mozuch, and M. Tien. 1985. Free hydroxyl
radical is not involved in an important reaction of lignin de­
gradation by Phaenerochaete chrysosporium. Burds. Biochem. J. 
226:455-460.
71. Kirk, T. K., F. Nakatsubo, and I. D.  Reid. 1983. Further study
discounts the role for singlet oxygen in fungal degradation of 
lignin model compounds. Biochem. Biophys. Res. Comm. Ill:200-204.
72. Kirk, T. K., E. Schultz, W. J. Connors, L. F. Lorenz, and J. G.
Zeikus. 1978. Influence of culture parameters on lignin 
metabolism in Phanerochaete chrysosporium. Arch. Microbiol. 117: 
277-285.
149
73. Kirk, T. K.t H. H. Yang, and P. Keyser. 1978. The chemistry and 
physiology of the fungal degradation of lignin. Dev. Ind. 
Microbiol. 19_: 51-61.
.74. Kutsuki, H. and M. H. Gold. 1982. Generation of hydroxyl radical 
and its involvement in lignin degradation of Phanerochaete 
chrysosporium. Biochem. Biophys. Res. Commun. 109:320-327.
75. Laemmli, U. K. 1970. Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature 270:680-685.
76. Leisola, M. S. A. and A. Fiechter. 1985. Ligninase production in 
agitated conditions by Phanerochaete chrysosporium. FEMS Micro­
biology Letters, 29:33-36.
77. Levi, M. P. and R. D. Preston. 1965. A chemical and microscopic 
examination of the action of the soft-rot fungus Chaetomium 
globosum on beechwood (Fagus sylv.). Holzforschung 19:183-190.
78. Lundquist, K., T. K. Kirk, and W. J. Connors. 1977. Fungal de­
gradation of kraft lignin and lignin sulfonates prepared from 
synthetic 14c-lignins. Arch. Microbiol. 112:291-296.
79. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular 
Cloning: A Laboratory Manual. Cold Spring Harbor Laboratory, 
pp. 260-263.
80. Messing, J., R. Crea, and P. H. Seeburg. 1981. A system for 
shotgun DNA sequencing. Nucleic Acids Research, 9:309-321.
81. Mulligan, M. E., D. K. Hawley, R. Entriken, and W. R. McClure.
1984. Escherichia coli promoter sequences predict in vitor RNA 
polymerase selectivity. Nucleic Acids Research, 12:789-800.
82. Nakatsubo, F., I. D. Reid, and T., K. Kirk. 1981. Involvement of 
singlet oxygen in the fungal degradation of lignin. Biochem. 
Biophys. Res. Comm. 102:484-491.
83. Narva, K. 1985. Studies on the molecular cloning of a gene for 
Aryletherase from a ligninolytic Erivinia sp. Doctor of 
Philosophy Disseration. Department of Microbiology, Louisiana 
State University.
84. Norrander, J., T. Kernpe, and J. Messing. 1983. Construction of 
improved M13 vectors using oligodeoxyribonucleotide-directed 
mutagenesis. Gene. 26:101-106.
85. Norris, D. M. 1980. Degradation of Rc-labeled lignins and R e ­
labeled aromatic acids by Fusarium solani. Appl. Environ. 
Microbiol. 40:376-380.
86. Odier, E. and B. Monties. 1983. Absence of microbial mineraliza­
tion of lignin in anaerobic enrichment cultures. Appl. Environ. 
Microbiol. 46:661-665.
150
87. Paszczynski, A., V-b. Huynh, and R. L. Crawford. 1985. Enzymatic 
activities of an extracellular manganese-dependent peroxidase from 
Phanerochaete chrysosporium. FEMS Micro. Lett. 29:37-41.
88. Pettey, T. M. and D. L. Crawford. 1984. Enhancement of lignin 
degradation in Streptomyces spp. by protoplast fusion. Appl. 
Environ. Microbiol. 47:439-440.
89. Phelan, M. B., D. L. Crawford, and A. L. Pometto. 1979. Isolation 
. of lignocellulose-decomposing actinomycetes and degradation of
specifically l^C-labeled lignocelluloses by six selected 
Streptomyces strains. Can. J. Microbiol. 25:1270-1276.
90. Pometto, A. L. Ill, and D. L. Crawford. 1976. Catabolic fate of 
Streptomyces viridosporus T7A-produced, acid-precipitable 
polymeric lignin upon incubation with ligninolytic Streptomyces 
species and Phanerochaete chrysosporium. Appl. Environ. Microbial. 
£1(1):171-179.
91. Reid, i. D., E. E. Chao, and P. S. S. Dawson. 1985. Lignin 
degradation by Phanerochaete chrysosporium in agitated cultures. 
Can. J: Microbiol. 31:88-90.
92. Rigby, P. W. J., M. Dieckmann, C. Rhodes, and P. Berg. 1977. 
Labeling deoxyribonucleic acid to high specific activity in vitro 
by nick translation with DNA polymerase I. J. Molec. Biol. 115: 
237-251.
93. Robinson, L, E. and R. L. Crawford. 1978. Degradation of l^C- 
labeled lignins by Bacillus megaterium. FEMS Microbiol. Lett. £: 
301-302.
94. Sanderman, H. Jr., D. Scheel, and T. V. D. Trenck. 1983.
Metabolism of environmental chemicals by plants-copolymerization 
into lignin. In: Proceedings of the Ninth Cellulose Conference,
Part I (A. Sarko, ed.).- John Wiley and Sons, Inc., New York.
95. Sancar, A., R. P. Wharton, S. Seltzer, B. M. Kacinski, N. D.
Clark, and W. D. Rupp. 1981. Identification of the uvrA gene 
product. J. Molec. Biol. 148:45-62.
96. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing 
with chain-terminating inhibitors. Proc. Natl. Acad. Sci., USA, 
74:5463-5467.
97. Sarkanen, K. V. and C. H. Ludwig. 1971. Lignins: occurrence,
formation, structure, and reactions (K. V. Sarkanen and C. H. 
Ludwig, eds.). John Wiley and Sons, Inc., New York, pp. 1-17.
151
98. Saxena, S. K., V. S. Bisaria, J. Vexma, and K. S. Gopalkrishnan.
1985. Lignin degrading potential of a new isolate of Coriolus 
hirsutus. J. Ferment. Technol. 63(4);307-310.
99. Shimada, M., F. Nakatsudo, T. K. Kirk, and T. Highchi. 1981. 
Biosynthesis of the secondary metabolite veratryl alcohol in 
relation to lignin degradation in Phanerochaete chrysosporium.
Arch. Microbiol. 129:321-324.
100. Schoemaker, H. E., P. J. Harvey, R. M. Bowen, and J. M. Palmer.
1985. On the mechanism of enzymatic lignin breakdown. FEBS Lett. 
183:7-16.
101. Southern, E. 1975. Detection of specific sequences among DNA 
fragments separated by gel electrophorasis. J. Molec Biol. 98: 
503-517.
102. Sutherland, J. B., D. L. Crawford, and A. L. Pometto, III. 1985. 
Metabolism of cinnamic, p-coumaric, and ferulic acids by 
Streptomyces setonic. Can. J. Microbiol. 29:1265-1257.
103. Tien, M. and T. K. Kirk. 1983. Lignin degrading enzyme from the 
hymenomycete Phanerochaete chrysosporium Burds. Science 224:661-663.
104. Tien, M. and T. K. Kirk. 1984. Lignin degrading enzyme from 
Phanerochaete chrysosporium: purification and catalytic properties 
of a unique H202-requiring oxygenase. Proc. Natl. Acad. Sci. USA, 
81:2280-2284.
105. Trojanowski, J., K. Haider, and A. Huttermann. 1984. Decomposition 
of i4c_iabeled lignin, holocellulose, and lignocellulose by 
mycorrhizal fungi. Arch. Microbiol. 139-202-206.
106. Trojanowski, J., K. Haider, and V. Sundman. 1977. Decomposition 
of 14c-labeled lignin and phenols by a Norcardia sp. Arch. 
Microbiol. 114:149-153.
107. Van-Ba, H. and R. L. Crawford. 1985. Novel extracellular enzymes 
(ligninases) of Phanerochaete chrysosporium. FEMS Micro. Lett. 
28:119-123.
108. Weinstein, D. A., K. Krisnangkura, M. B, Mayfield, and M. H. Gold. 
1980. Metabolism of radiolabeled -guaiacyl ether-linked lignin 
dimeric compounds by Phanerochaete chrysosphorium. Appl.
Environ. Microbiol. 39:535-540.
VITA
Jeffrey William Cary was born August 25, 1958 in Big Spring, 
Texas. He graduated from Robert E. Lee High School in Baton Rouge, 
Louisiana in 1976. He received the Bachelor of Science degree in 
Microbiology from Louisiana State University in August 1980. Jeff 
entered the Graduate School of Louisiana State University in August 
1980 and recieved the Master of Science degree in Microbiology in 
December 1983. He is currently a candidate for the degree of Doctor 
of Philosophy in Microbiology at Louisiana State University.
152
DOCTORAL EXAMINATION AND DISSERTATION REPORT
C a n d i d a t e :  J e f f r e y  W . C a r y
M a jo r  F ie ld :  M i c r o b i o l o g y
Title of Dissertation: Studies on the Molecular Cloning of "Aryletherase" from a
Ligninolytic Erwinia sp.: Enhancement of Gene Expression
A p p ro v ed :
Major Professor and Chairman 
Dean of the Graduate [School
E X A M I N I N G  C O M M I T T E E :
J& J . .JJtt____ ^
r K I
D a t e  o f  E x a m i n a t i o n :
October 27, 1986
